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G E N E R A L I N T R O D U C T I O N 
GENERAL INTRODUCTION 
The enzyme, -glucuronidase, present 
in mammalian tissues, catalyses the breakdown of 
(S 
-d- 
glucuronides in vitro to glucuronic acid and the correspond- 
ing "aglucone ". Although evidence for its presence was 
obtained by Roehmann in 1906 and by Sera in 1911ß., it was 
not till fairly recently that this enzyme was studied in 
any detail. 
Roehmann observed that a chloroform 
water extract of dog liver was capable of destroying menthol - 
f- d- glucuronide. He followed the disappearance of this 
substance by measuring changes in the rotation of polarized 
light by the solution. Using the same technique, Sera 
extended these observations to other glucuronides, using 
extracts from liver and other organs of animals besides the 
dog. As both workers merely measured changes in the 
optical activity of the solutions undergoing the transform- 
ation, they were unable to throw any light on the nature of 
the reaction - although tentatively they suggested a 
hydrolysis of the glucuronide to glucuronic acid and the 
corresponding "aglucone ". 
About twenty years later - in 1934 - 
the Japanese worker, Masamune, demonstrated the presence 
of an enzyme in mammalian tissues capable of hydrolysing 
bio- synthetic -d- glucuronides. He prepared an extract 
of ox- kidney and showed that it was able to hydrolyse 
menthol-- d- glucuronide to menthol and glucuronic acid. 
He measured the free menthol colorimetrically and the 
glucuronic acid by its reducing power. His evidence for 
glucuronic acid being one of the reaction products was 
based on the fact that the de- proteinized filtrate from 
his reaction mixture showed the naphtho resorcinol reaction 
of Neuberg and Sane Yoshi for glucuronic acid and the 
Wheeler and Tollen phloroglucinol test for pentoses. 
The enzyme extract was shown to have 
the following properties: - 
1). It hydrolysed several bio- synthetic glucuronides. 
These same glucuronides were also broken down, 
although slowly, by emulsin - an enzyme prepar- 
ation specific for the /g -oside linkage. 




3). It had no effect on syntheticp(- menthol glucuron- 
ide. 
4). The amount of glucuronic acid formed from menthol 
glucuronide during the reaction - as measured by 
its reducing power -was equivalent to the amount 
of free menthol produced - within experimental 
errors. 
5). The pH optimum of this enzyme lay between 5.3 - 
5.6 for the various substrates tested. That for 
emulsin was about pH 4. Furthermore, the degree 
of hydrolysis of the glucuronides by emulsin was 
much lower than that of thel -glucosides in a 
 
given time. 
From these observations, Masamune 
concluded that the enzyme he was studying was one specific 
for the hydrolysis of p)-d-glucuronides and that glucuronic 
acid and the corresponding "aglucone" were the two products 
of this reaction. He termed this enzyme g -glucuronosidase. 
Oshima (1931, 1936), continuing the 
work of Masamune developed a slightly better method of 
extracting and purifying the enzyme. This procedure 
involved adsorption of the enzyme on kaolin at a suitable 
pH and subsequent elution with phosphate buffer. He 
examined the distribution of the enzyme in the various 
tissues of the ox and the dog,and found that it was fairly 
extensively distributed. The enzyme activity was found 
to be particularly high in spleen and liver. His kinetic 
studies on the enzyme confirmed Masamune' s finding that the 
pH optimum was about 5.2 for menthol glucuronide. The 
values obtained by him for the velocity constant suggested 
that the reaction was monomolecular. Finally, he observed 
that certain hydroxy dicarboxylic acids such as malic, 
tartaric and citric acids had an inhibitory effect on the 
enzyme activity, while certain other acids like lactic, 
acetic, propionic and butyric appeared to enhance the 
activity. 
Considerable attention has been paid 
to the preparation and purification of"fairly active enzyme 
fractions by subsequent workers. Masamune minced the fat 
freed ox- kidney, mixed it with twice its weight of 0.85% 
4. 
saline, a suitable quantity of toluene and incubated the 
mixture at 38 °C for 3 days. The resulting autolysate was 
centrifuged, the supernatant cleared with diatomaceous earth 
and centrifuged again. The clear liquid was poured into 
3 volumes of alcohol and the precipitate formed centrifuged 
as quickly as possible. The precipitate was pressed between 
filter papers and subsequently extracted with a suitable 
quantity of water. The aqueous enzyme extract was treated 
with N. H2SO4, the protein precipitated centrifuged off and 
the supernatant treated as before with alcohol. The final 
aqueous extract was quite clear. 
Oshima followed the method of 
Masamune in the earlier stages. He adjusted the aqueous 
extract to pH 3.6 and adsorbed the enzyme on kaolin and then 
eluted it with M/15 Nat. H F04. The solution was then 
dialysed. The dialysed solution had 60% of the original 
activity and 3c of N content, thus resulting in a two -fold 
concentration and purification of the enzyme. 
Fishman (1939) achieved a 140 -fold 
purification of the enzyme by precipitating it from a crude 
aqueous extract of the minced tissue, with acetone. This 
precipitate was redissolved in water and fractionated with 
ammonium sulphate at a suitable pH. Preliminary treatment 
involved clearing of the turbid aqueous extract with di- 
atomaceous earth. 
Graham (1946) observed that acetone 
precipitation of an aqueous extract caused a loss in enzyme 
activity while an aqueous extraction of acetone dried minced 
5. 
ox spleen decreased this loss in activity. By incubating 
this aqueous extract at pH 5.0 and 25 -30 C for 6 hours, 
followed by centrifuging down precipitated inactive protein 
and fractionation of the supernatant with ammonium sulphate 
at pH 4.3, 5.0 and 7.3, he achieved a 300 -fold purification 
of the enzyme. His attempts to crystallize the enzyme 
however proved unsuccessful. 
The earlier workers (Masamune 1934, 
Oshima 1934, 1936, Fishman 1939, 1940, 1944, 1947, Graham 
1946 and Mills 1946) estimated the enzyme activity by 
measuring the reducing material formed on incubation of the 
enzyme preparation with a suitable glucuronide. The use 
of such methods rested on the assumption that the glucuron- 
ides were broken down to glucuronic acid and the correspond- 
ing "aglucone ". The evidence for this was indirect and 
not conclusive. Levvy (1948) isolated glucuronic acid - 
liberated from menthol glucuronide by enzyme hydrolysis - 
and characterised it as the dibenziminazole derivative of 
saccharic acid. From enzyme initially hydrolysed menthol 
glucuronide solutions, glucuronic acid was separated from 
the unchanged glucuronide and estimated by the naphthoresorc- 
inol colour reaction (Hanson et al.1944). These values 
agreed with those obtained by the ferricyanide reduction 
method (Levvy 1946) suggesting that the earlier methods 
based on the estimation of reducing material were reliable 
for assays of enzyme activity. Masamune's assumption that 
the breakdown of the glucuronide at the oside link gave 
glucuronic acid was confirmed by Levvy's results. 
6. 
With crude enzyme preparations however, 
a large amount of reducing material - which was not glucuronic 
acid - was produced when the enzyme was incubated in the 
absence of the substrate. (Graham 1946, Levvy 1948). This 
resulted in large enzyme blanks which were unsatisfactory 
and at times made estimations unreliable. This led Fishman 
and his co- workers (1946) to develop a method where the 
"aglucone" was measured colorimetrically. They used phenol- 
phthalein glucuronide as substrate. The freed phenol- 
phthalein was measured colorimetrically after the reaction 
mixture had been brought to pH 10.45 with glycine buffer. 
This method appears to avoid satisfactorily the difficulties 
associated with measurements of reducing power. 
About the same time, Kerr et al_ 
(1948) developed an assay procedure using phenyl- glucuronide 
as substrate. The liberated phenol was measured by a 
Folin & 
modified King and Armstrong method (1934) using the /Cio- 
calteau reagent (1927). While this method is quite useful 
with purified enzyme preparations (Fishman and Anlyan 1947) 
it is not very satisfactory when crude tissue homogenates 
or enzyme preparations are used. The non -specificity of 
the phenol colour reagent results in high enzyme blanks with 
crude enzyme preparations. 
A hydrolytic enzyme should catalyse 
a reaction in either direction. It was therefore quite 
natural for the earlier workers in this field (0shima, 1936, 
Fishman, 1940) to postulate that the function of - 
-glucuronidase in vivo was the synthesis of glucuronides. 
7. 
This view appeared to be supported by the fact that man 
and 
other animals were known to excrete glucuronides in the urine. 
Fishman (1940) carried out experiments in vivo with a view 
to finding out the function of 
p 
-glucuronidase in the animal 
body. Feeding of glucuronidogenic substances to dogs has 
been shown to result in increased glucuronide excretion it 
urine (Quick 1926). Pryde and (1934) have shown 
that mice excrete conjugated glucuronic acids in the urine. 
Consequently Fishman administered borneol to dogs and menthol 
to mice and measured the glucuronidase activity in liver, 
kidney and other organs. Both these compounds are glucur- 
onidogenic. He observed rises in the enzyme activity in 
liver, kidney and spleen, but not in pancreas, ovary, testes, 
uterus or vagina. Fishman concluded that the increased 
glucuronidase activity was in response to a greater demand 
for glucuronide synthesis. In later experiments (1944, 
1947) where he administered estrogenic substances to mice 
he observed a rise in enzyme activity in uterus but not in 
liver, even though large doses were administered. Oestriol 
and stilboestrol are known to form glucurtmnides. To 
explain these results Fishman had to postulate two types of 
-glucuronidase - one showing a response to oestrogens and 
the other responding to other glucuronidogenic substances 
in general. 
In this laboratory, Levvy and his 
co workers (Levvy et al.1948, Kerr et al. 1949) have re- 
investigated the problem. They found similar rises in 
liver glucuronidase activity in the mouse following 
8. 
administration of menthol. But closely associated 
with the 
rise in enzyme activity was observed a state 
of rapid cell 
proliferation in the tissues examined. They also 
found that 
this effect was not solely confined to the administration 
of 
glucuronidogenic compounds - which were at the same 
time 
toxic - but also to other compounds such as chloroform, 
carbon tetrachloride, and phosphorus, which were not glucur- 
onidogenic but toxic. They therefore concluded that 
a rise 
in glucuronidase activity in a tissue was associated 
with a 
rapid state of cell proliferation in the tissue and not 
a 
response to increased demand for glucuronide synthesis. 
They extended these observations also to kidney and 
uterus 
in the mouse. Their hypothesis obtained further support 
when high glucuronidase activities were noted in infant 
mouse 
liver, kidney, lung and uterus, in regenerating liver 
after 
partial hepatectomy (Levvy et al. 1948,r:err et a1.1949) and 
in cancer tissues (Fishman and Anlyan 1947). In 
all these 
cases the tissues are in a state of active cell 
proliferation. 
Administration of colchicine, which is a mitotic 
poison, has 
been shown by Kerr et al.(1950) to lower the glucuronidase 
activity in the liver of young mice and to prevent 
the rise 
in liver glucuronidase activity after partial hepatectomy. 
All these results and Fishman's could be easily explained 
on Levvy's hypothesis. Furthermore, there was no 
need to 
postulate two physiologically different enzymes as 
Fishman 
had suggested. That such a hypothesis is needless 
is 
further stressed by the observation of Kerr et al.(1950) 
that in ovariectomized mice the administration of 
carbon 
2 
tetrachloride or chloroform causes a rise in the glucuron- 
idase activity of the uterus while oestrone causes a rise in 
that of liver. These rises were associated with parallel 
changes in the mitotic activity of the tissues. 
The weight of evidence available would 
therefore appear to make Fishman's postulated role for - 
p- 
glucuronidase in vivo untenable. The ability of tissue 
slices to form glucuronides when incubated with suitable 
glucuronidogenic substances has been demonstrated by several 
workers (Lipschitz and Bueding 1939, Bueding and Ladewig 
1939, Kensler et al.1941, De Meio and Arnolt 1944, Odette 
Crepy 1946). Although the enzyme system responsible for 
glucuronide synthesis has not been characterized several 
important observations have been made. 
Lipschitz and Bueding incubated tissue 
slices from guinea pig - in the presence of borneol or 
menthol and estimated the glucuronide formed, after separat- 
ing it from other interfering substances, by the Tollens 
colour reaction. The method was cumbersome but nevertheless 
yielded valuable results in their hands. They concluded 
from their observations that the formation of glucuronides 
was confined mainly to liver, that oxidation was an essential 
process for glucuronide formation, that a phosphorylating 
mechanism was involved, and that certain 3- carbon compounds 
stimulated the production of conjugated glucuronides, whilst 
addition of glucuronic acid, glucosides or maltosides had 
no effect. 
De Me io and Arnolt (1944) have studied 
10. 
the conjugation of phenol by rat and cat tissue slices. 
They estimated the amount of phenol conjugated by a modified 
Theis and Benedict method. The method has been criticised 
by Levvy and Storey (1949) as giving no indication of 
glucuronide formation and hence their results are open to 
doubt. 
Though other workers have shown that 
liver slices are capable of conjugating glucuronides in the 
presence of suitable aglucones the mechanism of glucuronide 
formation still remains unsolved. 
Florkin et al (1942) attempted an 
enzyme synthesis of borneol glucuronide by incubating borneol, 
glucuronic acid and ox spleen g - glucuronidase preparation 
together for long periods. They estimated the glucuronide 
formed by a modified Tollens method. Several days incub- 
ation produced such small conjugation that the authors 
themselves doubted whether this could possibly be the 
mechanism operating in vivo. 
The present work was started with a 
view to finding possible inhibitors for -glucuronidase and 
making use of the inhibitors in an attempt to elucidate the 
possible physiological role of this enzyme in the animal 
body. A powerful inhibitor was found in D- glucosaccharic 
acid. Although it served a useful purpose in the in vitro 
studies it proved ineffective in the in vivo experiments. 
The nature of the compound would suggest that it was easily 
metabolised in the living animal. 
The glucuronide synthesizing system 
in the mouse has been studied using the relatively simple but 
reliable method of Levvy and Storey (1949). Both normal 
and treated animals have been used. The results obtained 
suggest that changes in the glucuronidase activity in the 
liver bear no relationship to changes in its glucuronide 
synthesising activity. The two enzyme systems appear to 
be quite distinct from one another. 
S E C T I O N ( i) 
THE INHIBITION OF /3 - LUCURONIDASE BY 
SACCHARIC ACID AND OTHER SUBSTANCES 
12. 
I N T R O D U C T I O N 
The physiological functions of several 
enzymes have been elucidated by studying the effect of 
inhibitors on their action both in vivo and in vitro. 
Although the most valuable information yielded by this 
technique has been obtained with enzyme systems other than 
hydrolytic ones, it was felt that if a suitable specific 
inhibitor could be obtained for /-glucuronidase, it might 
prove useful in elucidating its physiological function. 
Fishman (194.0) had suggested, though he had no direct evidence 
to support his view, that[- glucuronidase was responsible for 
the formation of glucuronides in vivo. The evidence for this 
hypothesis was the increased glucuronidase activity observed 
in the liver and uterus of dogs and mice which had received 
glucuronidogenic substances (1940, 1944, 1947). Levey et al. 
(1948) have, however, shown that this view was not necessarily 
valid as Fishman's results and theirs could be interpreted on 
the hypothesis that increased glucuronidase activity reflects 
increased tissue proliferation. 
It was felt that the use of a specific 
inhibitor might help to clear up these points. Consequently 
several known inhibitors of enzymes and other substances were 
tested for their inhibitory power, resulting in the discovery 
of D- glucosaccharic acid - the most effective inhibitor so far 
obtained. A few others, less powerful in their action, were 
13. 
also discovered in the course of this work. 
The effect of saccharic acid in vivo 
has been examined in the mouse. The resulta obtained have 
so far been negative. 
EXPERIMENTAL 
Preparation of phenyl ( - d- glucuronide 
Phenyl -¢, - d- glucuronide was prepared 
biosynthetically by feeding rabbits a 5% (w /v) aqueous sol- 
ution of phenol. The urine was collected over a period of 
18 hours and the excreted phenylglucuronide isolated from the 
urine through its basic lead salt. (Porteus & Williams 1549). 
The phenylglucuronide finally recrystallised from a mixture 
of benzene and ethyl alcohol was a white solid. After 
drying over P205 in vacuo at 80 °C for 10 hours, the compound 
had a m.p. of 162°C (Corr.). 
Preparation of enzyme for assay 
The animal was killed by a blow on the 
head and the organ required was dissected out rapidly. It 
was freed of connective tissue as much as possible. With 
kidneys, the outer skin was removed before further treatment. 
The weighed organ was homogenized in a chilled glass homo- 
genizer (Umbreit, Burris & Stauffer, 191+5, p.92) using a 
suitable quantity of water. The homogenate was adjusted to 
pH 5.2 by adding 0.3 M citrate buffer, bringing the final 
concentration of buffer to 0.03 M. The homogenate was 
incubated at 37 C for hr. and insoluble material centrifuged 
doom. The supernatant was fractionated with ammonium sulphate 
- the fraction precipitated between 31.5 - 50% saturation 
being the active glucuronidase fraction. The precipitate was 
dissolved in a suitable quantity of distilled water - about 
4 mis /gm liver tissue. 
In certain experiments, the crude homo- 
genate was used for assay, while in others the cell -free 
supernatant was used without any ammonium sulphate fraction- 
ation. In a few experiments, the two glucuronidase fractions 
described by Mills (1948) were prepared. Fraction (A) was 
precipitated between 31.1 - 33.52: saturation with ammonium 
sulphate while fraction (B) was precipitated between 38.5 - 
50 saturation. 
Preparation of inhibitor solutions 
Aqueous solutions of the substances 
were prepared whenever possible. The pH of the solution was 
adjusted to 5.2 using a glass electrode. With substances 
insoluble or sparingly soluble in water, an alcohol -water 
mixture or, as in one instance, ethylene glycol was used as 
solvents. W;th such solutions, suitable controls were carried 
out for any possible effect of the solvent on the hydrolysis. 
Determination of '1 -glucuronidase activity 
The hydrolysis of phenylglucuronide by 
mouse liver or kidney glucuronidase preparations was measured 
15. 
by the procedure of Kerr, Graham & Levvy (1948). In testing 
substances for their inhibitory action on the enzyme, incub- 






0.1 M Citrate buffer pH 5.2 
0.12 M Ph enylglucuronide 
Inhibitor solution 
In controls, water was substituted for the inhibitor solution. 
Substrate and inhibitor solutions were adjusted to pH 5.2 
glass electrode). The necessary incubation mixture for 
enzyme, substrate and inhibitor blanks were also set up. 
At the end of 1 hour's incubation, the enzyme action was 
stopped by the addition of Folin and Cio- calteau reagent, and 
the colour of the liberated phenol developed with sodium 
carbonate solution as described in the procedure of Kerr et al. 
Mixed blanks for the effect of the 
inhibitor on either the substrate or enzyme blanks were also 
set up. 
In experiments in which the two iß- glucur- 
onid.ase fractions(A) and (B) were exAmined separately hydrolysis 
with fraction (A) was carried out at pH 4.5 instead of at 5.2. 
Mouse uterus has only one glucuronidase 
fraction -(Kerr et al.1949) This corresponds to fraction (A) 
in liver and assays with uterine enbywe preparations were therefore 
done at pH 4.5. 
Results are usually expressed as/kg of 
0 
phenol liberated per hour at 37 C. 
A 
RESULTS 
The action of various substances on ß -glucuronidase activity 
Nearly fifty substances were examined 
for their effect on 3 - glucuronidase activity in vitro. Some 
of them were known inhibitors of enzyme systems whilst others 
bore a structural resemblance to a / - glucuronide. Those 
substances which caused an inhibition of enzyme activity are 
shown in table (1). 
Table 1. Inhibition of mouse liver l- glucuronidase 
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X Interferes in colour reaction for phenol. Results 
are corrected for interference. 
The naturally occurring isomer, commonly called 
laevorotatory mialic acid. 
g Gives colour with phenol reagent. Results are 
corrected for this colour. 
Of these, the most powerful inhibitor - D -gluco saccharic 
acid (hereinafter referred to as saccharic acid) has been 
studied in some detail. Of the other compounds listed in 
table (1), mucic, gluconic and glucuronic acids were closely 
related to saccharic acid. Nevertheless they were much less 
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I I 
H- C -OH HO - C -H 
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H- C - OH H- C -OH 
I 
HO- C -H HO- C -H 
I I 
H- C -OH H- C -OH 
H- C -OH H- C -OH 
C00H CH2OH 
Glucuronic acid Gluconic acid 
18. 
Glucuronic acid (D- glucurone) interfered in the determination 
of phenol liberated from phenylglucuronide. Glucuronic acid 
by itself does not give a colour with the Folinv- Cio -calteau 
reagent, but in the presence of phenol or phenylglucuronide 
it increases by a small amount the colour given either by the 
free phenol or phenyl- glucuronide. The amount of increase 
in colour was apparently independent of the concentration of 
phenol. The figures in table (1) have been corrected for 
this interference and are considered reliable. 
Fhlorrhizin and vanillin gave colours 
directly with the Folin and Cio -calteau reagent. After 
correction for this, the results suggested that both these 
compounds inhibited j;- glucuronidase very slightly. 
L -Malic acid in high concentrations 
has a fairly marked inhibitory action. When DL.-malic acid 
was tested, the results suggested that the inhibition produced 
was probably entirely due to L -malic acid. A known concen- 
tration of L -malic acid produced the same percentage inhibition 
as did double that concentration of DL- ma.lic acid. 
The accompanying tables list the 
remaining substances that have been examined and found to have 
no apparent effect on the hydrolysis of phenylglucuronide by 
f- glucuronidase. 
Table (2) 
List of substances which had no apparent effect on the 
hydrolysis of phenylglucuronide byf -glucuronidase in 




c' -Methyl -D- glucoside 
-Methyl -D- mannoside 
-Methyl -D- glucoheptoside 
-Methyl -D- xyl o s i de 
-Methyl -D- galactoside 
Gum arabic 
Degraded egg plum gum 







L- Tartaric acid 
Valeric acid 

















































Table (2) - Contd. 
Substance Concentration Inhibition 





4 n -Hexyl alcohol 
NN- di -(2- chloroethyl)- aniline 
2'- Methyl- 4- di.methylaminostilbene 
Sodium fluoride 
Sodium sulphate 


































A Ethyl Alcohol and water 
Ethyl Alcohol 
g Ethylene glycol 
21. 
Table(3) 
The following compounds gave colours with the phenol 
reagent, but after correction had been made for this 
they were apparently without effect on p- glucuronidase. 
Compound Concentration Inhibition 
Salicin 0.015 M -4 
Thiourea 0.0015 M -4 
Eserine 0.0001 M 9 
Ascorbic acid 0.00075 M o 
i Oestrone 0.0005 M 5 
Colchicine 0.0001 M o 
4 Ethyl alcohol 
The following compounds interfered too 





Ethane- 1:2- dithiol 
Salol 
With these compounds when corrections for the interference in 
colour were attempted, the resulting hydrolysis values showed 
marked activation. 
Acti on of saccharic acid on g- glucuronidase 
Saccharic acid being the most powerful 
of the inhibitors studied so far was examined in some detail. 
The effect of varying concentrations of saccharic acid on 
mouse liver glucuronidase activity was studied. The results 
of three different experiments are shown graphically in Fig. 
1.). The concentrations are plotted on a logarithmic scale. 
The percentage inhibition rises very slowly from 10 -6 to 
10 -5M saccharate concentration and then steeply between 10-5 
and 10 -3M and then slowly again beyond 10 -3M concentration, 
Almost complete inhibition is caused by 10 -2M saccharate while 
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Saccharate concentration (10 -'11 
1..w. I. Effect of varying concentrations of saccharic acid on the hydrolysis of phenylglucuronide (0.0155í) 





Table (4) shows the concentrations of a few inhibitors causing 
20;70 inhibition of[- glucuronidase activity. It is quite 
clear that of the substances studied saccharic acid is by far 
the most powerful. 
Table (14 ) 
Concentrations of some compounds causing 20% inhibition 
of -glucuronidase activity 












Effect of saccharic acid on p -glucuronidase preparations 
fron different organs of the mouse 
The action of saccharic acid on - 
lucuronidase preparations from different organs was studied. 
The organs examined were the liver, kidney, uterus and spleen - 
these being organs with high glucuronidase activities. 
Enzyme preparations in varying degress of purification have 
been examined. In some instances crude homogenate of the 
tissues have been used. In others, the crude homogenates 
have been centrifuged to give a cell -free aqueous extract. 
In still others, this cell -free supernatant has been fractionated 
with ammonium sulphate either to give total glucuronidase 
(AB) or fractions A and B separately. 
Table (5) lists the results obtained in 
these experiments. It would appear from the results that 
the inhibition by saccharic acid was independent of the source 
of the enzyme or the extent of its purification. 
Table (5) 
Effect of saccharic acid on ß- glucuronidase preparations 
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!Infant Cell -free 
'mouse aqueous 
liver homogenate 




Uterus Cell -free 
aqueous hamo 
genat 

















22.5 0.5 98 
21.2 3.2 85 
20.5 4.6 78 
22.8 3.4 85 
27.5 1.3 95 
17.0 5.7 67 
21.2 6.5 70 
14.8 0.8 





D) Effect of saccharic acid on phenol colour development 
Besides the usual controls set up during 
an estimation for any possible effect the inhibitor may have 
on the enzyme or substrate blanks, the effect of saccharic 
acid on phenol colour development was studied. Incubation 
tubes were set up containing buffer, saccharate and phenol 
solutions. In the controls, the saccharate solution was 
replaced by an equal volume of water. The final concentration 
0 
of saccharate was 0.015 M. After 1 hour's incubation at 37 C, 
the colours were developed in the usual manner. Table (6) 
shows percentage recoveries obtained at varying phenol 
concentrations. 
Table (6) 
Percentage recoveries of phenol in the presence of 
0.015 M saccharic acid 
/ú g Pheno 
In Controls 
1 estimated 


















It would appear from the percentage recoveries obtained that 
26. 
the small correction to be applied would tend to increase the 
values obtained for percentage inhibition very slightly. 
For most purposes this small correction could be ignored. 
E) Effect of enzyme concentration on percentage inhibition 
caused by saccharic acid 
The possibility of the potency of an 
enzyme preparation having an influence on the percentage 
inhibition caused by a known concentration of saccharic acid 
was investigated. Varying dilutions of the same enzyme 
preparation were made. The percentage inhibition by approx. 
10-4M saccharate on these enzyme preparations was then 
estimated by the usual procedure. Table (7) summarizes the 
results of a typical experiment. 
Table (7) 
The effect of saccharic acid 62:10-4M) on the 
hydrolysis caused by varying concentrations of 


























Concentrations of enzyme solutions were approx. 
(A) = 
. 
(B) = 2 (C) = 4 (D) 
27. 
The results suggest that within the limits of enzyme dilution 
studied, the variation in the percentage inhibition obtained 
with varying enzyme dilutions was not significant. 
F) The reversibility of saccharate inhibition 
From its similarity in structure to 
glucuronic acid, one would expect saccharic acid to act 
competitively in inhibiting glucuronidase. It might be 
expected to form a complex with the enzyme masking the active 
centres on the enzyme protein normally occupied by the sub- 
strate molecule. In the case of a competitive inhibitor this 
combination would very likely be a loose one. That this was 
so was proved by the following experiment. 
An enzyme preparation from mouse liver 
was divided into two equal portions (1) and (2). To (1) was 
added enough saccharate solution (pH 5.2) to bring the final 
concentration to 0.03 M with respect to saccharate. The 
enzyme was precipitated in both (1) and (2) by adding equal 
volumes of saturated ammonium sulphate solution at pH 5.2. 
The precipitated enzyme was dissolved in water and the 
activity measured. These enzyme solutions were again put 
through an ammonium sulphate fractionation as before. The 
precipitated enzyme was redissolved in water and the activity 
estimated again. Results of such an experiment are shown 
in Table (8). 
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Table (8) 
Effect of Ammonium sulphate fractionation on saccharic 




Recovery Fraction (1 ) Fraction (2) 
First Am2SO4 
fractionation 
0-50% saturation 59 41 70 
Second pm2SO4 
fractionation 
0 -50% saturation 59 58 98 
X Values are expressed per ml of initial enzyme 
reparation. Volumes of fractions (1) and 
(2) were kept equal at all stages. 
From the results it is quite clear that the combination of 
inhibitor to enzyme is a very loose one. The 3Q% inhibition 
still observed after the first ammonium sulphate precipitation 
may be due to a slight adsorption of saccharate from the 
solution on to the precipitate thrown down by ammonium 
sulphate. 
G) The effect of varying the substrate concentration on the 
inhibition caused by saccharate 
The normal substrate activity curve for 
the hydrolysis of phenylglucuronide by mouse liver glucuron- 
idase has been studied by Kerr et aí,(1948, 1949). An 
approximate value of 0.0035 M was obtained for Km - the 
29. 
Michaelis -Menten constant. The value for Km corresponds to 
the concentration of substrate at which half the maximum 
velocity of the reaction is reached. The maximum velocity 
was usually reached with 0.015 M substrate. Beyond this 
concentration of substrate a pronounced inhibitory effect on 
the hydrolysis was observed. These findings of Kerr et al. 
were confirmed. 
From fig. (1) it will be seen that 50% 
inhibition of glucuronidase activity was caused by 2 x 10- M 
saccharate. The substrate concentration was 0.015 M. Under 
these conditions one could picture the active centres on the 
enzyme molecule as being equally divided between saccharate 
and phenylglucuronide molecules. The effect of keeping the 
substrate concentration fixed and altering the saccharate 
concentration was seen in fig. (1). Increasing the saccharate 
concentration resulted in a larger proportion of the active 
centres being occupied by saccharate molecules and thereby 
causing a greater percentage inhibition. A similar process 
would be expected to take place were the saccharate concen- 
tration kept fixed and the substrate concentration decreased. 
Fig. (2) shows the results of two such experiments. Hydrolysis 
was carried out in the presence of 2 x 10- saccharate and 
varying concentrations of phenylglucuronide. The activity of 
the enzyme in presence of the inhibitor at each substrate 
concentration was expressed as a fraction of the activity of 
the enzyme in absence of inhibitor and in a substrate 
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concentration of 0.015 M. The fractional activities have 
been plotted against substrate concentration. The points 
on the graph show averages for two representative experiments 
one with liver glucuronidase fraction A and the other with 
fraction B. There was no appreciable difference in the 
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Fig. 2. Effect of varying concentrations of phenylglucuronide 
on its hydrolysis by mouse -liver glucuronidase in presence 
of 2 x l0-4nt- saccharate ( ). Results expressed as 
fractions of the maximum activity observed in absence 
of inhibitor. Substrate -activity curve in absence of 
inhibitor (Kerr el al. 1948) shown by broken line. 
It is clear from the nature of the curve 
that saccharate acted competitively since the inhibition 
decreased with increasing substrate concentration until at 
0.08 M phenylglucuronide concentration, the activity of the 
enzyme was fully restored. The substrate concentration 
giving half the maximum velocity under these conditions is 
0.015 M - as is to be expected - and is designated K'm. 
(the apparent Michaelis Menten constant). 
The dotted line shows a typical 
substrate optimum curve in the absence of inhibitor. 
H) The dissociation constant KI of the enzyme -inhibitor complex 
The Michaelis -Menten constant, usually 
denoted Km, gives an indication of the affinity of an enzyme 
for its substrate. By measuring the activity of an enzyme 
in varying concentrations of its substrate a value for Km 
could be obtained (Michaelis & Menten 1913, Haldane 1930, 
Lineweaver & Burk,1934). From a theoretical consideration 
of enzyme action one deduces that Km is the substrate con- 
centration at which half the maximum velocity of enzyme 
action is obtained. 
In the presence of an inhibitor, the 
enzyme forms a complex with it and the dissociation constant 
of this inhibitor complex could be evaluated as shown below. 
Consider the reaction 
E + S ES > E + Reaction products 
Let e = concentration of enzyme 
S = " substrate 
p = " " ES at any time 
K 
m 
= dissociation constant of enzyme substrate 
complex ES. 
Applying the law of mass action 
or 
S (e-p) = m- p 








Let v = velocity of decomposition of ES. 
Then v = kp = ke S 
Km + S 
(3) 
Where k = constant 
When S is large, p ---) e and the velocity of enzyme 
reaction would reach a maximum V. 
Then V = ke (4) 
and v = V. S (5) 
Km + S 
or Km = S ( V 1) (6) 
The value of Km (dissociation constant, Michaelis - 
Menten constant) is given by the concentration of substrate 
giving rise to half the maximum velocity i.e. when y = V 
Then K,, = S ( V ) 
V72 
or Km = S (7) 
Consider a similar system but with an inhibitor now 
present. We then have 
E + S v---- ES --j E + Reaction products 
E + I EI ---- 
In addition to the previous symbols, let 
I = concentration of inhibitor 
q = concentration of inhibitor enzyme complex 
K1 = dissociation constant of inhibitor enzyme 
complex 
Applying the law of mass action 
S (e -p -q) = Kmp (8) 
I (e - p - q) = KI q (9) 
Then 
Eliminating q from equations (8) and (9), 
P = e S 
Kn (1 + I ) + S 
KI 
Let v' be the velocity of reaction of this system. 
v' = k e S 
Kn (1 + I ) + S 
KI 
When S becomes large, p e and v' -- - V 
Eqn (11) then becomes 
v' = V S 
K 
m 
(1 + I 
KI 
) + S 
(12) 
When v' = V , S = K (1 + I ) (13) 
2 m KI 
This value of S may be designated K'm the apparent 





(1 + I ) 
KI 
It is obvious from the equation that K'm depends on I. 
From equation (14) 
K = I. K 
I K' K 
m m 
el 5) 
and a value for the dissociation constant (KI) of the 
inhibitor enzyme complex could be calculated if m and K'm 
for a certain concentration of I are known 
From Fig. (2) K 
M 
= .0035 M 
and K' 
m 
= .015 M 
when I = 2 x 10 -4- M 
n 
Substituting these values in eq- (15) 
Ki = 6 x 10 -5 M 
It should be stressed that presumably owing to the 
presence of impurities, Km may vary from one enzyme prepar- 
ation to another by as much as 50% in absence of added 
inhibitor. This variation is associated with variations in 
the substrate concentrations at which maximum activity is 
reached and inhibition by excess substrate becomes marked. 
The value for KI would not be materially altered since K'm 
varies with K and 
m 
KI = KI_ 
K' - K 
in in 
Hunter &: Downs (1945) have evaluated Ki by a different 
procedure in the case of arginase. From eqns. (3) and (11), 
dividing one by the other 
v' K + S 
V 
= 1a 
Km + I.K + S 
71-m 
(16) 
At a particular substrate and inhibitor concentration 
v' would correspond to the inhibited activity of the enzyme 
v' 
and v to the uninhibited activity. v would therefore 




= ; + S (17) 
Km + I K +S 
From eq- (17) 
I ( e! ) = K. (Km + 8 ) 
1 -pt Km 
(18) 
or I = K. + K. S 
1vs 
(19) 
If at a fixed concentration of I, (- c7Sc) is measured at varying 
concentrations of S, then a graph of I (T) against S should 
give a straight line. The intercept would represent Ki. 
Hunter & Downs used this equation quite successfully with 
arginase and various inhibitors. When attempts were made to 
evaluate Ki for saccharic acid and glucuronidase by this 
method, the results obtained could not be made to fit a 
straight line graph. The points were very widely scattered. 
It is, however, possible that if several estimations are made 
at each point and the average plotted as was done by Hunter 
& Downs, a suitable graph may be obtained from which Ki and 
K 
m 
may be calculated. 
Table (9) shows the results of one of 
the experiments carried out for this purpose, as an illustration 
of the difficulty encountered. 
TABLE (9) 
Ratio of inhibited activity to inhibition at varioup 
substrate concentrations in the presence of 2 x 10 M 
saccharic acid. 
Subst. Conca 
( x 10-3 M ) 
Hydrolysis 
fig phenol liberated 
In presence of In absence of 
inhibitor inhibitor 






















I) The in vivo effect of saccharic acid on growth and tissue 
glucuronidase activity in the mouse 
A compound that inhibits p- glucuronidase 
activity in vitro can hardly be expected to arrest any 
mechanism, responsible for the increase in the activity of 
the enzyme normally observed in vivo, when a tissue is 
stimulated to growth . If, however, glucuronidase plays an 
essential part at some stage in the growth process, then 
administration of an inhibitor would upset the normal process 
at that stage. This interference would then probably manifest 
itself either in some form of abnormality or in the death of 
the animal. 
A number of experiments were carried out 
with saccharic acid to test this possibility . When large 
doses were administered to mice, saccharic acid was apparently 
without effect on growth in infant mice or on liver regener- 
ation in adults after partial hepatectomy. Figures for 
glucuronidase activity, the weights of single organs and the 
whole animals, and the histological picture were invariably 
identical with those observed in the appropriate controls. 
During the preparation of the enzyme for assay any saccharic 
acid initially present in the tissue would be eliminated. 
The experiments are described very 
briefly. 
Experiment (1) 
Three adult mice were injected intra- 
peritoneally with a 1.5% (w /v) solution of potassium -hydrogen- 
37. 
saccharate in 0.85% saline adjusted to pH 7.0. Injections 
were given at six hour intervals, the dose administered at 
each injection being 100 mgm /Kgn body weight, 36 hours after 
the first injection and 6 hours after the last one, the 
animals were killed. All three animals looked quite fit 
and normal at the end of the experiment. Two of the livers 
looked slightly spotted. Glucuronidase activities of liver 
and kidney were normal. 
Experiment (2) 
Litter mates, fourteen days old 
and weighing from 8-9 gms each were separated into two groups 
of 4 animals each. The mice in one group were injected 
intraperitoneally with a 1.5% (w /v) solution of potassium - 
hydrogensaccharate in 0.85% saline adjusted to pH 7.0, three 
times a day - each dose administered being 300 mgm/Kgm body 
weight. The animals in the other group were injected an 
equal volume of 0.85% saline. At the end of 6 days the 
animals were killed, and the glucuronidase activities of the 
liver and kidney estimated. There was no apparent difference 
in the glucuronidase activities between the two groups. 
Histological examination of the liver and kidney by Dr. J. G. 
Campbell showed no abnormalities. The average weight of the 
animal in the two groups increased by the same amount - 3 gm/ 
animal - over the 6 days. 
38. 
Experiment (3) 
Mice from 3 litters - two weeks old and 
weighing about 9 -10 gms each were separated into three groups 
of six mice - each litter being equally divided between the 
three groups. The animals in the first group were injected 
subcutaneously (2 gm/Kgm body weight) with a 10% (w /v)solution 
of potassium -hydrogen -saccharate in 0.85ó saline adjusted to 
pH 7.0, thrice daily for 3 weeks. Those in the second group 
were injected intraperitoneally with a similar dose. Those 
in the third group were used as controls. 
The animals were weighed daily. The 
increase in weight per mouse over the three weeks was almost 
the same - 10 gms. - in all three groups. 
Experiment (4) 
In this experiment, the potassium - 
hydrogen- saccharate was incorporated in the food fed to the 
animals. A number of young mice weighing around 9 gms. each 
and approximately the same age were divided into two groups. 
One group was fed a mixture of:- 
Rat cake 250 gms. 
Bread crumbs 150 gms. 
K- H- Saccharate 12 gms. 
The other group was fed a similar 
mixture but with the K- H- Saccharate replaced by 9 gms. of 
glucose and 3.6 gms. potassium chloride. 
The animals in both groups had access 
to plenty of food. The animals were weighed daily. The 
average increase in weight per mouse over a period of 10 days 
was the same (7 gms.) in both groups. 
Experiment (5) (This was done in conjunction with Dr. Kerr.) 
Ovariectomized mice were separated into 
3 groups. The animals in all groups were injected intra- 
peritoneally (2.5 gm/Kgm body weight) with a 10% (w /v) 
solution of K- H- saccharate in 0.85% saline adjusted to pii 7.0, 
thrice daily. On the second day the animals in one group 
underwent partial hepatectomy, while those in another were 
given an injection of carbon tetrachloride in olive oil 
(5.3 g/Kgm body weight). After a suitable time had elapsed, 
the animals were killed, and the glucuronidase activities of 
the liver, kidney and uterus were estimated. The uterine 
weights were also noted. Results are shown in table (10). 
The glucuronidase activities were not 
depressed in any of the tissues examined. The activities 
of liver, kidney and uterus in the three groups of animals 
were not different from those in the corresponding animals 
to which saccharate had not been administered. 
Partial hepatectomy causes s rise in 
the glucuronidase activity of liver and uterus in ovariectom- 
ized rive. This is noticeable even after 8 days. The 
otsrine weight Wino increases (here et al 1949). Me admin- 
istration of sscohar ,te did not prevent this rise. 
Carbon tetrachloride produces effects 
similar to those observed after partial h pateotomy. Tho 
administration of saoohorate did not prwvent the rise in tt 
ovsri etc 
3iß7ed 




































































































































































































































































































































































































































































































































































































































































































































































































































































































DISCUSSI O N 
The inhibition of glucuronidase activity 
by saccharic acid is evidently competitive and reversible . 
This is not surprising considering the structural similarity 
of saccharic acid to glucuronic acid. Changing the carboxyl 
group at C6 in saccharic acid to a primary alcohol group to 
give gluconic acid or changing the configuration to give 
mucic acid resulted in a considerable diminution of inhibitory 
power. The effect of glucuronic acid on the hydrolysis of 
phenylglucuronide by the enzyme may have been inhibition in 
the usual sense or a mass action effect. Hydrolysis of a 
glucuronide by glucuronidase is known to result in the form- 
ation of free glucuronic acid (Levey, 1948). 
while L(- ) -malic acid causes inhibition of 
enzyme activity D( +) -malic acid appears to be without any 
action judging by the results obtained with DL -malic acid. 
The tartaric acid corresponding to D( +) -malic acid, viz. 
L( +)- tartaric acid, was without effect on glucuronidase activity. 
D(- )- tartaric acid was not available for study. Oshima (1936) 
has observed that the configuration of the-hydroxy group may 
be the factor responsible for the inhibitory action of hydroxy 
acids. See structural formulae shown below. 
COOH COON 
HO - C - H H - C - OH 
1 
H - C - H H- C- H 
// 
000H COOH 




HO - C - H H - C - OH 
l 
H -C- OH HO - C - H 
/ 
COOH C00H 
D (-) Tartaric acid L (+) Tartaric acid 
COOH 
H -\C - OH 
H - 1 OH 
COOH 
Meso -Tartaric acid 
A comparative study of the D- and L- tartaric acids on glucur- 
onidase activity would probably throw some light on this 
aspect of the problem. 
Considerable difficulties were encount- 
ered in determining Ki - the dissociation constant for the 
inhibitor enzyme complex - in the case of saccharic acid and 
(3-glucuronidase. It is considered, however, that the value 
of 6 x 10 -5M finally arrived at is at least as reliable as 
values quoted for m - the dissociation constant of the 
substrate enzyme complex, in the hydrolysis of biosynthetic 
glucuronides by/3 -glucuronidase. Figures available for K 
are as follows:Il -__ 
Phenylglucuronide 0.0035 M (Kerr et al 1943) 
Bornylglucuronide 0.01 M 
Menthylglucuronide 0.004 M (Fishman 1939.) 
) 
Estriol-glucuronide 0.0005 M ) 
Phenolphthalein-glucuronide 0.00005 M (Talalay et al 1946.) 
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Saccharic acid has a higher affinity for glucuronidase than 
all except one of these glucuronides. It might be interest- 
ing to repeat some of the experiments carried out to determine 
Ki, using phenolphthalein glucuronide as substrate, instead 
of phenol glucuronide. 
The failure of saccharic acid in large 
doses to modify liver regeneration after damage or growth in 
infant mice, may indicate that the enzyme is not directly 
concerned in cell division. An alternative and highly 
probable explanation, however, is that saccharic acid is too 
rapidly metabolised or excreted to produce any perceptible 
changes in vivo. It is also possible that normal cell 
division may involve the hydrolysis of a naturally occurring 
glucuronide with a much greater affinity than that of sacc- 
haric acid. 
Carr (1947) has shown that the prolonged 
administration of saccharic acid to rats for several gener- 
ations caused no change in the structure of any tissue 
examined or in the growth of the animals. It is very likely 
that as saccharic acid resembles glucose it is very rapidly 
metabolised in the body. 
Kerr et al , in this laboratory, have 
observed that saccharate has a protective action on mouse 
liver when administered along with menthylglucuronide. 
Histological examination showed little damage in the liver 
cells. Menthylglucuronide, when administered alone causes 
liver damage (Levvy et al 191+8). A similar protective 
44. 
effect was obtained with glucose in equivalent amounts. 
Saccharate probably acts as a source of carbohydrate and 
maintains and protects the liver. 
The use of a substituted saccharic 
acid which is not easily metabolised should be of considerable 
help in in vivo studies. 
 
S E C T I O N ( ii ) 
THE GLU CURT; IDE -SYA SIZI G SYSMK IN 
THE MOUSE AND ITS RELATIONSHIP TO 
-GLUCURON IDAM 
 
I N T R O D U C T I O N 
The excretion of glucuronides in the 
urine of animals under certain conditions has been known for 
a long time. The formation of glucuronides was at one time 
regarded as one of the chief detoxication mechanisms that have 
been evolved by the animal body to rid itself of toxic sub- 
stances, both of endogenous and exogenous origin. It is 
probably safer to say that it represents one stage in a chain 
of imperfectly understood metabolic processes. 
Chemically d- glucuronic acid is an 
oxidation product of d- glucose and some of the earlier workers 
assumed that in vivo glucuronic acid was produced by the direct 
oxidation of glucose. 
Schmiedeberg and Meyer (1879) maintained 
that the formation of conjugated glucuronides in the animal 
body occurred through the oxidation of glucose to glucuronic 
acid and subsequent condensation of the glucuronic acid mole- 
cule with a suitable aglucone. Sundvik (1886) and Fischer & 
Piloty (1891) on the other hand held the view that a glucoside 
was first formed in the animA1 body and then oxidized to the 
corresponding glucuronide. 
The experiments of Hildebrandt (1905, 
1909) appeared to support the latter hypothesis. On subcut- 
aneous injection of coniferin ( coniferyl glucoside), syringin 
(methoxy coniferyl glucoside) or bornylglucoside to rabbits, 
the corresponding conjugated glucuronic acids were excreted 
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in the urine. Two explanations are possible. Either the 
glucoside was directly oxidized to the glucuronide or the 
glucoside was hydrolysed to give the free aglucone which then 
combined directly with preformed glucuronic acid or its pre- 
cursors. 
Schuller (1911) observed that the 
glucoside phloridzin when administered to animals was excreted 
as phloridzin glucuronide. The original glucose molecule 
remained intact while the glucuronic acid was attached to one 
of the originally free hydroxyl groups of phloridzin. In 
this case glucuronic acid was not obtained from the glucose of 
phloridzin. 
Pryde & Williams (1936) showed that when 
phenyl -_d- glucoside was injected into or fed to rabbits, there 
was increased excretion of ethereal sulphate in the urine equal 
to that produced by an equivalent amount of free phenol. This 
indicated the in vivo hydrolysis of phenyl 
1"- 
d- glucoside to 
phenol. 
In a pump - lung -liver- kidney perfusion 
set up, it was observed by Hemingway et al (1934) that while 
borneol or phenol when added to the perfusing blood were 
converted into the corresponding glucuronides,none was formed 
on the addition of the glucosides. 
Lipschitz & Bueding (1939) have shown 
that guinea pig liver slices produce conjugated glucuronic acids 
in the presence of suitable concentrations of borneol but do not 
produce glucuronide from bornyll-glucoside. 
 
The experiments of Schüller, Pryde & 
Williams, Hemingway et al , and Lipschitz & Bueding effectively 
dispose of the Su dvik, Fischer & Piloty hypothesis that a 
glucoside is directly oxidized to a glucuronide in vivo. 
Proteins, glycogenic amino- acids, 
glycogen and 3- carbon metabolites of carbohydrate metabolism 
have been suggested as sources of glucuronic acid. 
In the earlier work, starved Animals 
(dogs and rabbits) were fed glucuronidogenic substances and 
the excretion of conjugated glucuronides in the urine studied. 
The experiments of Thier felder (1886) and Mandel & Jackson 
(1903) suggested that protein was the source of glucuronic acid. 
Experiments with starved animals were unsatisfactory as there 
was no way of being quite sure that the animal was free from 
glycogen. 
Schmid (1936) to overcome this difficulty 
worked with hibernating frogs. During hibernation the total 
glycogen content is of the order of 0.25 mg whereas a well fed 
frog has 60 - 200 mg. of glycogen in its liver. He showed 
that preformed carbohydrates were necessary for the conjugation 
of glucuronic acid. 
Quick (1926),working with depancreatized 
and normal dogsoconcluded that the precursor of glucuronic acid 
was derived more readily from glycogen and glycogenic amino 
acids than from glucose. The possibility of a simple compound 
such as lactic acid - which in a diabetic animal is derived fran 
protein and in a normal animal from the degradation of glucose - 
1+8. 
being the source of glucuronic acid was suggested by Quick. 
This suggestion has received considerable support from the 
tissue slice experiments of Lipschitz & Bueding (1939). They 
showed that surviving liver slices were capable of synthesizing 
glucuronides in vitro , when incubated with a suitable aglucone 
in a synthetic medium. The production of conjugated glucuron- 
ides by liver slices from fasting animals was stimulated by 
certain 3- carbon compounds like pyruvic acid, dihydroxyacetone 
and lactic acid, while glucuronic acid itself or glucosides, 
maltosides, glucose, other carbohydrates and biologically 
important carbohydrate metabolites such as glyceraldehyde, 
phosphoglycerate, methylglyoxal ,Q( -glycerophosphate and hexose- 
diphosphate did not stimulate glucuronide formation. An 
oxidative process catalysed by a heavy metal was considered 
necessary for supplying the energy required for the synthesis. 
Glucuronic acid production was sensitive to iodoacetate and 
fluoride suggesting that a phosphorylation mechanism was 
involved in the process. 
M th the discovery of ig -glucuronidase 
which catalyses the theoretically reversible reaction 
pglucuronide aglucone + glucuronic acid 
the question of whether glucuronic acid can combine with a 
hydroxy compound to form 13-glucuronide g needs more careful 
investigation. 
Some hydrolytic enzymes -s notably the 
esterases - have been shown to catalyse the reverse process in 
vitro under conditions which were highly "unphysiological ". 
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There are, however, several instances 
where two entirely different enzyme systems are required to 
catalyse the reaction in the forward and backward directions 
respectively Urease catalyses the reaction, Urea 
carbon -dioxide and ammonia. In the animal body, however, 
urea is produced from arginine by the action of arginase. 
While starch is hydrolysed to maltose by amylase, the synthesis 
of starch evidently goes by way of a dephosphorylation of 
glucose -l- phosphate catalysed by the enzyme glucosan phosphor - 
ylase. The breakdown of acetylcholine to acetic acid and 
choline is catalysed by cholinesterase while its synthesis 
in vivo is brought about by choline acetylase. 
It would therefore appear that while the 
fact that ß -glucuronidase breaks down-glucuronides to an agluc- 
one and glucuronic acid is well established, hardly any evidence 
is available to suggest that it catalyses the synthesis of 
glucuronides in vivo. 
Florkin et al,(19i2) claim to have 
effected the conjugation of borneol with glucuronic acid in the 
presence of ox spleen glucuronidase. The evidence is, however, 
based on measurements of small differences. The work of De 
Meio & Arnolt (1941) also suggest that phenol may combine 
directly with glucuronic acid in liver slices. They found 
that the inhibition of glucuronide conjugation caused by iodo- 
acetate could be reversed by the addition of glucuronate while 
lactate was without effect. Glucuronic acid, however, did not 
re- establish conjugation after inhibition by cyanide or 
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anaerobiosis. The inhibitory effect of iodoacetate would 
appear from the data to affect the formation of glucuronic acid 
and not its conjugation with phenol. Since, however, their 
method does not appear to measure glucuronide formation (see 
Levvy & Storey 1949) their results are open to doubt and 
criticism. 
Fishman (1940) has postulated a synthetic 
role for/3- glucuronidase in vivo. This hypothesis was mainly 
based on 
/ 
/_ the evidence of increased glucuronidase activity in 
the liver and uterus of animals following the administration of 
glucuronidogenic substances. The increase in enzyme activity 
was considered an adaptation process. The work of Levvy et al. 
(1948, 1949) in this laboratory has cast doubt on Fishman's 
hypothesis. They suggest that increased enzyme activity in 
tissues is associated with increased proliferative activity 
caused by various measures which induced tissue damage followed 
by repair processes or stimulated cell proliferation as in 
partial hepatectomy. The agents used by Fishman were shown to 
cause proliferative changes in liver and uterus. Furthermore, 
the substances used in the experiments of Levvy et al. to cause 
tissue damage were not all glucuronidogenic. Fishman's 
assumption that glucuronidase acts synthetically in vivo is 
thus no longer necessary to explain his experimental findings. 
Experiments have been conducted to find 
out if the enzyme system catalysing the synthesis of glucuronides 
in vivo was identical with or quite different from -glucuronid- 
ase. The distribution of the glucuronide synthesizing system 
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in the mouse has been studied and its development in the 
liver with the age of the mouse followed. Substances which, 
when administered to the mouse, produce a marked effect on 
liver glucuronidase activity have been examined for their 
effect on the glucuronide synthesizing system in the liver 
under similar conditions. Certain other substances, 
including saccharic acid have been studied for their in vitro 
effect on the synthesis of o- aminophenylglucuronide by liver 
slices from normal mice. Finally, the synthesis of o- amino- 
phenylglucuronide by glucuronidase preparations has been 
at tempted. 
The results of all the experiments 
carried out suggest very strongly that the glucuronide 
synthesizing system is quite distinct fron P - glucuronidase. 
EXPERIMENTAL 
Measurement of glucuronide synthesis 
The conversion of o- aminophenol to its 
glucuronide by tissue slices in sulphate free bicarbonate 
Ringer solution was followed by the method of Levvy & Storey 
(1949). The composition of the bicarbonate Ringer solution 
was as follows:- 
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Sodium bicarbonate 






Potassium chloride 0.62 M 2.0 " 
Magnesium chloride,6 H2O 0.31 M 1.0 " 
Pot. dihydrogen phosphate 0.154 M 2.0 " 
Water 185.0 " 
Calcium chloride 0.22 M 3.0 " 
The solutions were mixed together in 
this order and to this basal Ringer medium were added 5.0 mis. 
M sodium lactate pH 7.4, 52.0 mg. ascorbic acid and 6.5 mg. 
o- aminophenol. After the solids had dissolved, the solution 
was cooled in ice and a brisk current of 5% CO2 in 02 passed 
through it for 10 minutes. 
Preparation of tissue slices 
The animal was killed by a blow on the 
head and the required organ dissected out as rapidly as possible 
and transferred to the ice -cold Ringer solution in a Petri dish. 
Pieces of the organ were held between l,wu ground glass slides 
and slices about 0.4 mm. in thickness were cut by means of a 
safety razor blade according to a modified method of Deutsch 
(1936) - (see ümbreit et al,1945, p.75). The outermost slices 
were discarded. In experiments with lung, the intact lobes 
were used. Boyland & McDonald (1948) have shown that this is 
permissible for measurements of metabolism in lung from young 
adult mice. With very young animals it was necessary to pool 
53. 
the slices from the organs of several animals. 
Procedure 
The tissue slices were incubated in the 
bicarbonate Ringer medium, prepared as described above - in an 
atmosphere of 5% CO2 in 02 for an hour at 37°C. At the end 
of the incubation slices were removed for dry weight estimations. 
Any soluble protein in the medium was precipitated by the 
addition of trichloroacetate- phosphate mixed buffer pH 2.25. 
After centrifuging down the precipitated protein, an aliquot of 
the clear supernatant was diazotized and coupled with naphthyl- 
ethylenediamine, when the o- aminophenylglucuronide formed gave 
a pink colour. This colour was estimated colorimetrically 
with a Spekker Absorptiometer using Ilford Filter No. 605. 
(Spectrum Yellow- green). 
Enough tissue slices to give not less 
than 10 mg. dry weight (at 110°C) were used for each flask. 
Estimations were done in quadruplicate for each animal to 
reduce the variable error in the procedure. Control flasks 
with liver slices in Ringer medium not containing o- aminophenol 
were also set up in the earlier experiments. No pink colour 
was observed in these controls and in subsequent experiments 
these controls were omitted. 
Results are expressed in the tables as 
/kg o- aminophenol conjugated per gm. dry weight of the tissue 
in 1 hr. 
54-. 
Measurement of glucuronidase activity 
The glucuronidase activity in tissue 
extracts was determined mainly by the procedure of Kerr et al. 
using phenyl -glucuronide as the substrate. The procedure has 
been briefly described in Section (1). 
In some experiments where this substrate 
proved unsatisfactory, the experiments were later repeated 
using phenolphthalein glucuronide as substrate (Talalay et al. 
1946). The original procedure was slightly modified to meet 
our requirements (See Section iii p.84- ). 
The procedure finally adopted was as 
follows:- 0.5 ml enzyme, 0.5 ml substrate and 3.0 ml 0.1 M 
buffer pH 4.5 or 5.2 were incubated together for an hour at 
e 
37 C. At the end of the incubation, the colour of the phenol -i 
phthalein liberated was developed with 0.25 M Na2 CO3 - 0.4.M1 
glycine mixed buffer. The addition of the carbonate- glycine 
buffer stops the enzyme action at the same time. The colour 
was read on a Spekker Absorptiometer as in the previous method, 
using an Ilford filter No. 605 (Spectrum yellow green). 
Results are expressed as {jg phenolphthalein liberated per gm 
` 
wet weight of tissue per hour at 37 C unless otherwise stated. 
a. 
RESULTS 
A) Glucuronide synthesizing power of various mouse tissues 
The glucuronide synthesizing power of 
liver, kidney, spleen and lungs in young and adult mice and 
also of two transplantable tumours in the mouse has been 
studied. Table (11) shows the results obtained with these 
tissues. 
TRIE (11 ) 
The glucuronide- synthesizing power and Q- glucuronidase 

















































































X Quoted from Levvy et al. 1948. 
(When the mean is based on values for individual animals 
the standard error of the mean for the group is also 
shown. Figures in brackets are numbers of animals used.) 
56. 
Mice about 6 weeks of age and over and weighing 25 gms. or 
more were treated as adults. They were drawn from 3 different 
colonies. The glucuronide synthesizing power of adult mouse 
liver did not appear to vary from one strain to another. 
Differences in sex did not show any apparent effect on the 
synthesizing activity and hence no cì;fferentiation of sex 
has been made in these and later experiments. 
In agreement with Lipschitz á Bueding 
(1939) the glucuronide synthesizing system was found only in 
liver and kidney of the tissues examined. The latter was 
much the less active of the two tissues. The ability of liver 
and kidney slices from young mice to synthesize glucuronides 
was considerably less than that of slices from adult animals. 
Lung and spleen showed no synthetic activity, neither did the 
two transplantable tumours that have been examined. 
Also included in table (11) are figures 
for the glucuronidase activities of the various tissues - some 
quoted from Levvy et al (1948), while others were specially 
determined for the purpose by Dr. L. `..h. Kerr (Karunairatnam 
et al 1949). The higher glucuronidase activities of organs 
from young mice compared with those from normal adults, already 
nosed for liver, kidney, spleen and uterus (Levvy et al 1948; 
Kerr et al 1949) is also seen in lung. 
The distribution of the enzyml- glucur- 
onidase obviously bears no relation to that of the synthetic 
system. 
B) The development of the glucuronide synthesizing system 
in mouse liver 
Since the glururonidase activity of 
young mouse liver has been found to be very high and its 
glucuronide synthesizing power very low compared to values for 
adult mouse liver, the development of the glucuronide synthes- 
izing system in the liver with the age of the mouse was studied. 
Mice from our on mixed colony were used in this experiment. 
Table (12) shows the synthetic power of the liver at the 
various ages. These results are expressed graphically in 
Fig. (3 ). 
TABLE (12) 
The glucuronide synthesizing activity of the liver 
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4 8 12 16 20 24 28 32 
Age (days) 
Fig. 1. The development of the glucuronide- synthesizing 
system, as measured by the conjugation of o- amino- 
phenol, in the liver of the growing mouse (own mixed 
colony). 
36 40 44 
with very young mice, the liver slices were pooled from a 
number of animals to give enough slices for a quadruplicate 
determination. 
The change in the liver glucuronidase 
activity with the age of the animal has been fully studied 
from birth until maturity by Dr. L.M.H. Kerr in this laboratory. 
The results of this study, expressed graphically in Fig. (1+) 
have been included to help in following the discussion. 
Fig. (1+) 
Average 
00 12 16 20 24 28 36 40 44 
Age (days) 
Fig. 2. The change in glucuronidase activity in the liver of 
the growing mouse: , straits C57; i, strain A: A, strain 
CBA; , own mixed colony, August 1947; 0, own mixed 
colony, February 1949. 
. 8 32 
59. 
The synthesizing power of liver starts 
at zero at birth and gradually develops as the mouse grows 
up reaching steady adult values between 4 and 5 weeks of age. 
The glucuronidase activity on the other hand starts at a high 
value at birth and gradually falls to adult values about the 
same time. If Q,- glucuronidase was the enzyme concerned in 
the synthesis of glucuronides, one would expect the synthetic 
activity of the liver from young mice to be considerably 
higher than that of adult mice. That this is not the case 
suggests that the glucuronide hydrolysing enzyme and the 
glucuronide synthesizing enzyme(s) are two distinct enzyme 
systems. 
C) The influence of a -glucuronidase on glucuronide synthesis 
j The possibility had to be considered 
that the activity of the glucuronide synthesizing system in 
the liver did not vary with age, but that the hydrolytic 
activity of the liver glucuronidase at any given age deter- 
mined the net amount of synthesis which can be measured - 
compare Figs. ( 3 ) and (if ) . 
Saccharic acid causes almost complete 
inhibition of glucuronidase activity in a concentration of 
10 -2 M. The effect of saccharic acid, in this concentration, 
on the synthetic power of mouse liver and other organs was 
therefore studied to settle this point. 
In making up the bicarbonate Ringer 
solution, a concentrated solution of saccharic acid adjusted 
6o. 
to pH 7.4 was added in place of part of the water to bring 
the final concentration of saccharate in the Ringer solution 
to 10 -2 M. In the control flasks, however, the saccharate 
was omitted in making up the Ringer solution. 
With a tissue which had a high glucur- 
onidase activity and low synthetic power, it was thought that 
the addition of saccharic acid to the Ringer medium might 
result in a higher synthetic activity. Consequently, same 
of the experiments with liver slices from young mice and 
kidneys, lung, spleen and tumour tissues from adult mice were 
repeated with and without saccharic acid in the bicarbonate 
Ringer medium. The results of these experiments are given in 
the next table. 
TAME (13) 
The effect of 10 -2 M saccharic acid on glucuronide 
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It can be seen that saccharic acid 
caused no increase in the synthetic power of infant liver or 
adult kidney; nor did its presence lead to glucuronide 
synthesis by lung, spleen or tumour tissues. The slight 
decrease noted in the synthetic power of liver slices from 
young mice would probably be due to the non -specific effect 
of the dicarboxylic acid as shove by Dr. Levvy in the exper- 
iments with adult liver slices (Karunairatnam, _ & Levvy, 
1949). 
Before one concludes from the results 
of these experiments that the glucuronide synthesizing system 
is absent in mouse lung, spleen and tumours, small in kidney 
and that the synthesizing system in the liver develops with 
age, two further questions have to be answered. 
1) Does saccharic acid inhibit the hydrolysis 
of o-aminophenylglucuronide? 
2) Does saccharic acid penetrate tissue slices? 
The answer to the first question is 
provided by the results of experiments carried out by Dr. 
G. A. Levvy which show that saccharic acid does inhibit the 
hydrolysis of o- aminophenylglucuronide by mouse liver glucur- 
onidase (cf. Karunairatnam & Levvy, 1949). With a 0.13ó 
solution of o- aminophenyl- glucuronide 11jó hydrolysis was 
obtained in absence of saccharate and 0.70 in the presence of 
10 -3 M saccharate. In another experiment the corresponding 
values were 17,ö and 3.65. 
62. 
Similar experiments using liver slices in place of glucuron- 
idase preparations have been carried out by the author. In 
the method employed to measure hydrolysis, disappearance of 
o- aminophenylglucuronide was estimated after an hour's incub- 
ation of tissue slices in a 0.14% solution of o- aminophenyl- 
glucuronide. Although this method is quite satisfactory 
when using glucuronidase preparations as in the experiments 
of Dr. G. A. Levvy, it was not reliable when using tissue 
slices. The results obtained, however, show that hydrolysis 
of o- aminophenylglucuronide by tissue slices does take place 
and that this hydrolysis is inhibited by saccharic acid. 
D) Penetration of saccharic acid into the cell 
Mouse liver slices of known weight from 
two animals were shaken in sulphate -free bicarbonate Ringer 
solution containing 0.01 M saccharic acid for 90 minutes at 
0 
37 C. At the end of this period, the slices were removed, 
washed in three changes of distilled water and homogenized. 
Inactive protein was removed by incubating the homogenate at 
pH 5.2 at 37°C for 30 minutes and subsequent centrifugation. 
Without further purification, the supernatant was examined for 
[3-glucuronidase activity. The activity in terms of 
¡ 
k g phenol 
liberated at 37 °C in 1 hr. by a gm. of liver was 220 compared 
with 33L. for control slices from the same two animals put 
through the identical procedure in absence of saccharic acid. 
Unless saccharic acid was so strongly adsorbed on the surface 
of the slices that three washings with distilled water had 
not 
L. 
removed it, it would appear from the results that an apprec- 
iable amount of saccharate had penetrated the cells. On the 
assumption that saccharate concentration within the slices 
rose to 0.01 M, the inhibition expected would have been of 
the order of 75m. The percentage inhibition actually obser- 
ved was 33. 
In other experiments, the enzyme prepar- 
ation in the assay procedure for glucuronidase activity was 
replaced by mouse liver slices of known weight. At the end 
of the incubation period, the slices were removed and their 
dry weights (110°C) determined. When phenylglucuronide was 
used as substrate in the assay procedure, the enzyme blanks 
were found to be high and variable. The results had therefore 
little quantitative value, but nevertheless they suggested 
that some hydrolysis of phenylglucuronide took place and that 
this process was strongly inhibited by 0.015 M saccharate. 
When the modified phenolphthalein gluc- 
method 
uronide /was brought into use in this laboratory, this exper- 
iment was repeated. Tissue slices of known weight were 
incubated with acetate buffer pH 5.2,in the presence of the 
inhibitor solution at 37°C for an hour. The inhibitor sol- 
utions were adjusted to pH 5.2 (glass electrode) before being 
added to the incubation tubes. At the end of the hour's 
incubation, the colour of the phenolphthalein liberated was 
developed by the addition of Na2CO3 - glycine buffer. Slices 
were removed, the solutions centrifuged and the colours of the 
clear supernatants estimated. The results are expressed in 
Table (14) . 
61+. 
Z=.BLE (11+) 
The effect of saccharic acid and sodium fluoride on 
the hydrolysis of phenolphthalein glucuronide by 



















The enzyme blanks were zero, suggesting that very little 
protein had escaped into the surrounding medium from the 
tissue slices. Further, the slices in the tubes showing 
hydrolysis were observed to be faintly pink even after washing 
them several times in water. The results suggest that the 
hydrolysis of phenolphthalein glucuronide by liver slices is 
inhibited very strongly by saccharic acid (0.01 M). The low 
enzyme blanks and the faint pink colour in the washed slices 
from the tubes showing hydrolysis suggest that the hydrolysis of 
yhenolphthalein glucuronide had taken place within the cells 
and not so much in the buffer medium by enzyme diffusing out 
of the cells. 
Lipschitz & Bueding have observed that 
sodium fluoride in a concentration of 0.015 M caused almost 
complete inhibition of glucuronide formation by guinea pig 
liver slices. It is interesting to note that 
this concen- 
tration of sodium fluoride causes only about 22; 
inhibition 
65. 
of hydrolysis by liver slices. It has no inhibitory action, 
however, on liver glucuronidase preparations (see previous 
section). 
Although the preceding experiments all 
suggest that saccharate does penetrate the intact cells, it 
was felt that more direct evidence on the point would be 
welcome. It was therefore suggested to Dr. J. G. Campbell, 
that he should study the effect of saccharic acid on the two 
hi stochemical tests developed by Friedenwald & Becker for 
(; -glucuronidase (1918). Campbell (1950) has shown that in 
'the presence of saccharic acid of varying concentrations, the 
typical colour formed at the presumed site of glucuronidase 
activity in mouse liver slices, was developed very slowly or 
not at all. In some experiments thick blocks of tissue were 
incubated v,ith substrate, with and without saccharic acid, 
and sections, cut from the deeper layers of the tissue, 
examined. His experiments prove quite satisfactorily that 
saccharic acid dyes penetrate intact cells thereby confirming 
our own inferences from not very adequate information. 
E) The effect of saccharate on the oxygen uptake and anaerobic 
glycolysis of mouse liver slices 
Saccharate in a concentration of 0.014 
M had no effect either on the oxygen uptake or on the anaer- 
obic glycolysis of mouse liver slices as measured in the 
Warburg apparatus. The Ringer solutions of Krebs & Henseleit 
(1932) were used. Oxygen uptake was determined in phosphate 
66. 
Ringer and an atmosphere of 02,while the carbon dioxide output 
was measured in bicarbonate Ringer and an atmosphere of 5% 
CO2 in N2. 
experiments. 
Table (15) gives the results of these 
TABLE 1 
The effect of saccharic acid on the aerobic and 
anaerobic respiration of liver slices 




In glucose 5.09 
animals In saccharic 
acid 
1+.52 
In water 5.44 











In water 4.99 
X Expressed l 02 or CO 
2 
per mg. dried tissue per hour. 
The differences in Q. and QCO2 were about 20270 and these were 
not considered significant. There is the possibility that 
the slight depression of Q02 or QCO2 
noted in the presence of 
saccharic acid might account for the slight depression of the 
synthetic activity observed when normal adult liver slices 
were incubated in the presence of saccharic acid. 
67. 
F) The effect of various measures on the glucuronide 
synthesizing system of liver in vivo 
Levvy et al (1948) and Kerr et al (1949) 
showed that injecting certain compounds into a mouse or 
carrying out partial hepatectomy on the mouse resulted in a 
rise in the glucuronidase activity of liver and other organs 
to two or three times its normal activity. The glucuronide 
synthesizing system of the mouse liver has been examined after 
the mouse had been subjected to such measures and at the times 
corresponding to a marked change in glucuronidase activity. 
Table (16) summarizes the results of these experiments. The 
figures for glucuronidase activity are quoted from Levvy et 
al (1948) to help in following the discussion. 
None of the measures employed caused a 
significant rise or fall in the glucuronide synthesizing power 
of the liver. Menthol causes a rise in the glucuronidase 
activity of the liver. Fishman (1940) explained this rise 
on the assumption that glucuronidase synthesizes glucuronides 
in vivo and that the rise in glucuronidase activity was an 
adaptation process caused by the Administration of a glucur- 
onidogenic substance. Levvy et al have shown that the rise 
in glucuronidase activity was a result of damage to the liver 
caused by menthol and subsequent regeneration process. This 
rise in glucuronidase activity occurred irrespective of whether 
the toxic sub stance administered was glucuronidogenic or not. 
If an adaptation process does take place in the liver, one 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































in activity after administration of a glucuronidogenic sub- 
stance. 
Carbon tetrachloride is a liver poison. 
It causes an increased glucuronidase activity in the liver 
after its administration. It does not, however, come under 
the category of a glucuronidogenic compound. 
Partial hepatectomy comes neither under 
the category of a liver poison nor a glucuronidogenic substance. 
This measure causes a stimulation of the growth process in the 
liver so that the liver cells are in a state of rapid proli- 
feration. 
Oestrone, could be both a stimulant of 
cell proliferation (cf. Kerr et al 1949) and a glucuronido- 
genic substance in view of the fact that it could be converted 
to oestriol in the animal body. 
Colchicine in the dose shown causes no 
change in the normal glucuronidase activity of the liver, but 
it does prevent the rise in activity which follows such 
measures as partial hepatectomy. It acts as a mitotic poison. 
There is a slight suggestion of an inhibition of the synthetic 
activity. 
Sorbic acid, in the 4maller dose studied 
behaves like colchicine in its effect on the glucuronidase 
activity. With the higher dose there resulted a profound 
depression of the glucuronidase activity (Kerr et al 1950) 
both in liver and kidney. The slight suggestion of an 
inhibition of synthetic activity by sorbic acid and colchicine 
appear to be related to their actions as inhibitors of mitosis. 
12 
G) The effect of various compounds on the sytmthesis of 
o- aminophenylglucuronide by liver slices in vitro 
Four of the compounds examined for their 
action on the glucuronide synthesizing system in vivo were 
tested in vitro for their effect on the conversion of o- amino- 
phenol to its glucuronide by surviving liver slices from normal 
adult mice. Table (17) presents the results of these exper- 
iments. Oestrone was too sparingly soluble in water to permit 
its study in the present experiments. 
TABLE (17) 
The effect of various compounds on the synthesis of 
-aminophenylglucuronide by mouse -liver 
o- Aminophenol 
conjugated g. /g 
dry wei ht) 
Concen- In Inhibi- 
tration In presence of tion 
Compound (M) controls compound (ó) 
Sorbic 0.01 380 50 87 
acid 0.01 970 370 62 
0.005 970 500 49 
Colchicine 0.01 380 140 63 
0.01 530 190 64 
0.005 530 270 49 
Carbon 0.0015 490 520 -6 
tetrachloride 0.0015 660 520 21 
- )- Menthol 0.001 450 120 73 
Colchicine, sorbic acid and menthol were added as 
aqueous solutions (if necessary, after pH adjustment) 
during the preparation of the bicarbonate Ringer solution. 
In the case of CC14, the Ringer solution was made saturated 
with the compound. In all experiments, controls were done 
with untreated slices from the same animal. Each deter- 
mination was done in quadruplicate, and the standard error 
of the mean is thus about 10% (Levvy & Storey, 1949). 
 
Sorbic acid domes not inhibit- glucuronidase in vitro (see 
previous section). Neither does colchicine. Both these 
substances appear to have an inhibitory effect on the glucur- 
onide synthesizing system. Inhibition was almost 50% with 
0.005 M colchicine or sorbic acid. Menthol in an even lower 
concentration causes 736 inhibition of the formation of o- 
aminophenylglucuronide. Whereas colchicine and sorbic acid 
cannot be classed as glucuronidogenic substances, menthol has 
been shown by Lipschitz & Bueding (1939) to form glucuronides 
in the presence of surviving liver slices. It is therefore 
very likely that the observed depressant action of menthol on 
the synthesis of o- aminophenylglucuronide in vitro is the 
result of competition with o- aminophenol to form a glucuronide 
rather than genuine inhibition of the synthetic mechanism. 
The inhibitory actions of sorbic acid 
and colchicine on glucuronide synthesis in vitro are difficult 
to interpret at present. The overall synthetic process is 
known to be adversely affected by other agents such as cyanide, 
fluoride, io::o acetate (Lipschitz & Bueding 1939), azide and 
sulphate (Dr. I. D. E. Storey, private communication), but 
their mode of action is in most cases still not quite clear. 
Sorbic acid, menthol, carbon tetra- 
chloride and colchicine have no significant effect on the 
colour development of o- aminophenylglucuronide. Percentage 
recoveries of o- aminophenylglucuronide in the presence of 
these compounds are shown in Table (18). 
 
TABLE (18) 
The effect of various substances on the colour 
development of o -ami nophenylglucuroni de 
Substance Concis 
(M) 




None - 126 - 
Sorbic acid .01 114 91 
Carbon tetra- 
chloride 
.0015 121 96 
Menthol .001 123 98 
Colchicine .01 125 99 
H) Attempted synthesis of o- aminophenylglucuronide by mouse 
liver -glucuronidase preparations and liver homogenates 
Florkin, et al (1942) claim to have 
demonstrated conjugation of borneol with glucuronic acid in 
presence of ox spleen glucuronidase. At the end of the 
incubation period, free glucuronic acid was removed with copper 
sulphate and calcium hydroxide and glucuronic acid in combin- 
ation with borneol was estimated by the Tollens colour reaction. 
Only a very small fraction of the total glucuronic acid present 
was in the combined form even after incubation for several days. 
The use of o- aminophenol as the aglucone 
in demonstrating glucuronide synthesis has the advantage that 
in the final reaction traces of the conjugated glucuronide 
give a pink colour which is never seen in controls. 
73. 
Free o- aminophenol was incubated with 
glucuronic acid in the presence of concentrated purified 
preparations of mouse liver glucuronidase. No o- sminophenyl- 
glucuronide was detected at the end of the incubation. 
D- glucurone was present in final con- 
centrations varying from 0.4 to 0.125 M in 0.05 M citrate 
buffer at pH 5.2 or 0.05 M phosphate buffer at pH 7.4. The 
incubation mixtures contained 0.0025ó o- aminophenol and 0.001 
M ascorbic acid as in experiments with tissue slices. The 
o 
mixtures were incubated with shaking at 37 C for periods of 
2 and 22 hrs. In the longer term experiments, the incubation 
flasks were filled with N2 to prevent oxidation of the free 
phenol. 
In another series of experiments the 
liver slices in the procedure of Levvy & Storey for measuring 
the glucuronide synthesizing activity of the liver, were 
replaced by crude liver homogenates. In such preparations 
all the tissue constituents initially present are presumably 
still there except for the very labile molecules which may 
have been destroyed. The organised cell structure has also 
been upset. No synthesis of o- aminophenylglucuronide was 
observed in these experiments. 
74. 
I) The effect of diet on the glucuronide synthesizing 
system of young mouse liver 
The natare of the development of the 
synthesizing system in the liver of the mouse suggested that 
diet may have an effect on the rate of development of the 
synthesizing system. Young mice are usually weaned about 
the third week after birth when they start taking solid food. 
It was thought that if they were weaned earlier and kept on 
a solid diet, the glucuronide synthesizing system might 
develop faster. 
Young mice from 4 litters, totalling 
23 were separated from their mothers at 17 days of age and 
divided into two groups - the litters being split between 
the groups. One group was then kept with the mothers while 
the other was kept on a diet of rat cake. Group (1) thus 
had a choice of mothers milk and solid food while group (2) 
had only solid food. At the end of a further 10 days when 
they were 27 days old, the livers of the mice from both groups 
were examined for their synthetic activity. The results were 
as follows:- 
Group (1) Mother's milk + solid food 490 + 80 /g _ 
dr wt. 
(2) Solid food only 510 + 60 ;AEA 
dry wt. 
The difference between the groups is not significant. The 
results suggest that diet did not influence the development 
of the synthesizing system in liver and that the development 
was dependant on the age alone. Attempts to wean the mice 
at an earlier age were unsuccessful as most of them died within 
a few days. If this could be done successfully, and the 
75. 
synthetic activities of the liver measured at 3 weeks of age 
a significant difference between the two groups may well be 
Obtained. It is felt that depriving the young mice of 
mother's milk - a possible source of glucuronides - before 
the synthesizing system is well developed would hasten the 
development of the synthesizing system on a solid diet. 
Sodium sulphate 
In another experiment 6 infant mice 
from the same litter 15 days old were separated into two 
groups. One group was fed_ ordinary rat cake while the other 
was fed rat cake containing 15 (w /w) Na2SO4. At the end of 
a further 4 weeks, the livers from the mice of both groups 
were examined for their synthetic activity. Those from the 
group fed on rat cake only had a synthetic activity of 770 
units per gm. dried tissue while the group fed on rat cake 
containing Na2SO4 had an activity of 430 units. 
of animals used was small and therefore no definite pronounce- 
ment can be made on the point. There is the suggestion, 
however, of the Na2SO4 having suppressed the glucuronide 




-glucuronidase has been presumed to 
act synthetically in vivo by Fishman (1940). His evidence 
for this hypothesis was the fact that when menthol and borneol 
were administered to mice and dogs respectively the glucur- 
onidase activity of liver, kidney and spleen in these animals 
was increased. The activity of the enzyme in ovary and 
uterus in the dog and ovary, uterus, testes and vagina in the 
mouse remained unaltered. In subsequent experiments (1944, 
1947) he observed that the administration of oestrogens to 
ovariectomized mice caused an enhanced glucuronidase activity 
in uterus, but not in liver and other organs. It was necess- 
ary to postulate two physiologically different glucuronidases 
in the mouse although Fishman's own work gave no evidence 
for any differences between the enzymes from liver and uterus 
in vitro. 
Levvy et al (1948, 1949) repeating 
Fishman's work have shown that the increased glucuronidase 
activity in the organs of the mouse was not caused solely by 
the administration of glucuronidogenic substances but by toxic 
substances in general as a result of damage in the organs 
concerned and subsequent cell proliferation. Increased 
glucuronidase activity has been associated with rapid cell 
proliferation in tissues. All Fishman's earlier results 
and the later results with cancer tissues in humans can be 
explained on Levvy's hypothesis (Fishman & Anlyan 1947; 4 
McDonald & Odell 1947; Odell & McDonald 1948; Odell & Burt 
1949, Odell & Fishman 1950). Moreover, the work of Levvy 
77. 
et al suggests that there is no distinction in vivo between 
the uterine and liver enzymes in function since, for example, 
oestrone and carbontetrachloride cause changes in both (Kerr 
et al 1950). In the light of all this evidence, the view 
that increased glucuronidase activity in a tissue is a result 
of the increased demand for glucuronide formation requires 
much stronger evidence to support it. 
j- glucuronidase has been shown to be 
widely distributed in mammalian tissues (Oshima, Fishman, and 
Levvy et 21). The glucuronide synthesizing system on the 
other hand has so far been found only in liver and to a smAiler 
extent in kidney (Lipschitz & Bueding 1939). This would 
suggest that the two systems are distinctive. Evidence to 
prove that it is so, has been obtained in several ways. 
A study of the glucuronide synthesizing 
system in the mouse has shown that the synthetic system is 
confined to liver and to some extent kidney. Spleen and lung 
which are rich in glucuronidase activity were devoid of 
synthetic power. So were the two transplantable tumours 
examined. 
The synthesizing system in the liver 
develops with the age of the mouse. It is practically nil 
at birth and develops rapidly during the second and third weeks 
of its life to reach adult values about the fifth week. The 
(- glucuronidase activity on the other hand is high at birth, 
(falls rapidly during the second and third weeks and reaches 
adult values about the fifth week. It should be noted that 
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a young mouse weans itself about 14 -21 days after birth and 
starts to take solid food about the same time. It is there- 
fore significant that the rapid development of the glucuronide 
synthesizing system and also the rapid fall in the glucuron- 
idase activity in the liver should occur at this time. 
That the observed synthetic power with 
liver slices from young mice is not the nett result of two 
opposing enzyme systems has been satisfactorily proved by the 
use of saccharic acid - an efficient inhibitor of glucuron- 
idase activity in vitro. The results of experiments 
described in this section taken along with the findings of 
Campbell (1950) in his histochemical studies leave no doubt 
as to the of saccharic acid into the cells, in 
the in vitro tissue slice experiments described. 
Another line of approach has been the 
study of the glucuronide synthesizing system in liver under 
conditions which showed a marked change in the glucuronidase 
activity from normal. The injection of carbontetrachloride 
and menthol to normal mice or oestrone to ovariectomized mice 
or partial hepatectomy causes a rise in the glucuronidase 
activity of the liver (Levvy et al 1948, Kerr et al 1949, 
Fishman 1939). The glucuronide synthesizing power, however, 
showed no marked difference from normal under these conditions 
of increased glucuronidase activity. 
Colchicine has no effect on the liver 
glucuronidase activity when administered in the dose described 
(Kerr et al 1950), but it arrests mitosis in the liver cells 
(Scheifley « Higgins 1940). 
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The glucuronide synthesizing power of the liver appears to 
be very slightly affected. 
Sorbic acid has been shown by Kerr et al 
(1950) to reduce the glucuronidase activity in the liver of 
the mouse 4 days after injection of a suitable dose viz. 0.24 
g/Kgm. Very often the activity was almost reduced to zero. 
The synthesizing power, however, did not show any marked 
changes from normal. 
All these experiments have shown that 
while marked changes in the glucuronidase activity of the 
liver take place under suitable conditions, no parallel 
changes in the glucuronide synthesizing system are evident. 
Yet another method of approach has been 
the study of the effect of saccharic acid on the in vitro 
synthesis experiments with tissue slices. Hydrolysis of a 
glucuronide by tissue slices is inhibited in the presence of 
saccharic acid. But when saccharic acid is added to the bi- 
carbonate Ringer solution in the in vitro synthesis experiments 
only a very small depression in the synthetic activity has 
been noted. Furthermore this slight depressant action has 
also been shown to be caused by other dicarboxylic acids which 
have no action on glucuronidase activity in vitro. 
While the inhibitory action of menthol 
under similar conditions is probably a competitive one, that 
of sorbic acid and colchicine is difficult to interpret at 
present. 
Attempts to synthesize o- aminophenyl- 
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glucuronide by incubating either a purified preparation of 
P- glucuronidase or crude liver homogenates with excess 
r4lucurone and o- arninophenol in suitable buffers were unsucc- 
essful. Florkin et al , however, have claimed slight success 
in this direction using ox spleen glucuronidase. Failure 
in such experiments may on the one hand be due to not select- 
ing the right conditions for the reaction to take place, 
while on the other hand it may be due to not having the right 
enzyme system to catalyse the reaction. 
All the evidence obtained in the 
experiments described in this section suggests very strongly 
that the glucuronide synthesizing system and the glucuronide 
hydrolysing system are two distinct enzyme systems. 
SECTION ( iii) 
SOME ISOLATED OBSERVATIONS IN 




This section deals with a few obser- 
vations which were made during the course of the work and 
which have not been included in Sections (1) and (2). 
rresence of -glucosidase in mouse liver 
r Masamune (1931+) in his studies on 
f- glucuronidase examined the effect of his enzyme preparations 
on various substrates. He found that it had no effect on 
-glucosides except phenyl- g- d- gluccside. Graham (1 946) in 
his study of the preparation and purification of the enzyme 
stated that his preparations of the enzyme did not hydrolyse 
phenyl -ß -d- glucoside. The author found, however, that when 
the enzyme was prepared by the method of Kerr et al (1948), 
the supernatant from the centrifuged homogenate sometimes 
caused hydrolysis of phenyl- ß- d- glucoside. This finding 
suggests the presence of a /3 -glucosidase in animal tissues. 
After precipitation of the glucuronidase from the supernatant 
by 50,5 saturation with ammonium sulphate, the glucuronidase 
preparation lost the ability to hydrolyse phenyl -p-d- glucoside. 
The experiments of Yryde & *illiams (1936) in which phenyl -Th 
d- glucoside fed to or injected into rabbits resulted in the 
excretion of ethereal sulphate, show that the 
/ 
- glucoside was 
hydrolysed in the animal body to give free phenol. How the 
hydrolysis was accomplished was, however, not known. 
The ability of glucuronidase prepar- 
ations from mouse liver to hydrolysef3 -glucosides would thus 
appear to depend on the purity of the enzyme preparation. 
B) A "yeast" like organism possessing -glucuronidase activity 
After a bottle containing phenyl -fl-d- 
glucuronide solution had been accidentally left unstoppered 
overnight, it was found to contain a "yeast" like organism. 
Free phenol was found fai the glucuronide solution. The 
organism was isolated by Dr. fright of the Bacteriology 
Department, University of Edinburgh, and was found to liberate 
free phenol from phenylglucuronide solutions. Unfortunately, 
however, on further subculture in a synthetic medium it lost 
its glucuronidase activity. Attempts to restore the activity 
by introducing glucuronides into the synthetic medium were 
unsuccessful. Strains of E. Coli (Buehler et al 1949), 
Staph. Aureus (Barber et al 1988) have been shown to develop 
glucuronidase activity when grown on suitable media. The 
enzyme in these two organisms appear to be "adaptive" and not 
"constitutive" as a few strains of E. Coli and Staph. Aureus 
when tested for glucuronidase activity showed none. 
C ) Attempted synthesis of phenyl- ß- d- g_lucuronide 
Most of the 
/3 
-glucuronides have so far 
only been prepared biosynthetically by feeding animals the 
"aglucones" and isolating the conjugated glucuronides, 
excreted in the urine, by suitable methods (See publications 
from the laboratory of R. T. Williams, Liverpool & London). 
The selective oxidation of sugars is an old problem in 
82. 
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carbohydrate chemistry. The oxidation of a reducing group 
to a carboxylic group or both end groups in a sugar to 
carboxylic groupshas been quite easily achieved. The direct 
terminal oxidation of a sugar whilst retaining an aldehyde 
group, however, still presents great difficulties. Reichstein 
(1938) and the Americans (1939) have achieved a certain amount 
of success in preparing glucuronic acid synthetically by 
partial reduction of saccharic acid in the first instance and 
by anodic oxidation of alkylglycosides in the second. The 
yields, however, were poor in both cases. 
Maurer & Drefahl (191+2) have succeeded 
in preparing methylgalacturonic and methylglucuronic acids by 
oxidising the corresponding galactoside and glucoside with 
14204 in an inert solvent - viz. chloroform. Dr. Kerr in 
this laboratory attempted the oxidation of phenyl/-d-glucoside 
under similar conditions. She has reported success only in 
one instance (rh.D. Thesis 19L9). In her later experiments 
she could not isolate the phenyl -d- glucuronide, if any had 
been formed. 
The author has attempted several times 
to oxidize phenyl $-d- glucoside to phenyl -d- glucuronide 
using N204 in chloroform, but invariably ended up with a 
brownish coloured solid which showed acidic properties and 
turned a dark brown in alkaline solutions. There was a strong 
suggestion that it may have been a nitrated phenyl - 
glucuronide. 
This problem was abandoned for the time 
81+. 
being, but the author hopes to return to it at some later date. 
Modification of the phenolphthalein glucuronide method of 
Talalay et al for the assay of p -glucuronidase activity 
Talalay et al (19L.6) developed a method 
using phenolphthalein glucuronide as substrate for the assay 
of C3- glucuronidase. The estimation was carried out as 
follows: - 4.0 ml. of 0.1 M acetate buffer, 0.5 ml. of 0.1 M 
phenolphthalein monoglucuronide solution and 0.5 ml. of an 
enzyme preparation were incubated together for an hour. pst 
the end of the incubation, 5.0 ml. of 0.4.M glycine buffer 
pH 10.1+5 was added to the incubation mixture to stop the re- 
action and at the same time develop the colour of the phenol- 
phthalein liberated. 
One of the disadvantages of this 
method was that protein was not completely precipitated by 
the addition of glycine. Fishman et al (191+8) found that it 
was necessary to modify this method as the incomplete pre- 
cipitation of protein was a source of error in the estimation 
of human blood glucuronidase activity. Consequently, they 
stopped the enzyme action by adding trichloroacetic acid which 
also precipitated the protein. The tubes were then centrif- 
uged and the supernatant poured out into another tube. The 
sediment was resuspended in a small quantity of water and 
centrifuged again. The supernatant from this was added to 
the first, the volume of the supernatant and washings made up 
to a known volume and the colour now developed by the addition 
of a mixed NaOH - glycine buffer. 
 
When this modified method was used by 
the author in preliminary studies using enzyme preparations 
containing large amounts of inactive cell debris, very variable 
results were obtained. It was therefore decided to carry out 
recovery experiments when phenolphthalein was added to enzyme 
preparations. While almost 10,01, recoveries were obtained 
with the original method of Talalay et al. when using 
ammonium sulphate precipitated enzyme fractions, the recoveries 
with enzyme preparations containing much inactive cell debris 
ranged from 81+ - 9% depending on the amount of cell debris 
present. In the modified method of Fishman while 71? recovery 
was obtained with a debris free supernatant, 62g was obtained 
when cell debris was present - see table (19). The precip- 
itate thrown down by the trichloroacetic acid would thus 
appear to adsorb a large percentage of the added phenol- 
phthalein. 
With mouse liver preparations, it was 
found that the homogenate from 1 g. liver could be diluted to 
40 ml. in water to give fairly reasonable enzyme activity and 
at the same time to contain small enough quantities of protein 
and cell debris to give almost 1O0¡ó recoveries of added 
phenolphthalein. Under these conditions, the original method 
of Talalay et al (1946) was quite satisfactory. 
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TABLE (19) 
rercentage recoveries of added phenolphthalein 
Method 
Nature of enzyme 
preparation 
phenolphthalein % 
Recovery lidded Recovered 




24.3 24.0 99 
homogenate 4.9.0 48.1+ 99 
Supernatant 
from incubated 
21+.3 23.1+ 96 
homogenate 1+9.8 19.7 100 
Debris from 
unincubated 
24.3 20.6 84- 
homogenate 1+9.0 44.8 91 
Debris from 
incubated 
24.3 23.1 95 
homogenate 49.8 1+3.5 87 









21.3 13.0 61 
If the initial hydrolysis was carried 
out at varying pH, the addition of glycine buffer did not 
always bring the final pH of the solution to the range where 
maximum development of the phenolphthalein colour was obtained. 
This was recognized by Talalay et al in their pH optimum 
experiment and a suitable modification was employed when 
§1. 
they studied the pH optimum of their enzyme preparations. 
The author has found that the addition 
of 0.25 M Na2CO3 to the glycine buffer, partially solves this 
difficulty - though not entirely. Using a glycine - Na2CO3 
mixed buffer, it has been found possible to compare the 
enzyme activities over the pH range 4.0 - 7.0 quite easily 
without having to go through the tedious titration procedure 
of Talalay et al. See table (20). 
T .BLS (20) 
Com2arison, of glycine buffer (0.4M) and glycine 
(0.410- Na2CO3 (0.25 M) mixed buffer on the 
colour development of phenolphthalein at 
different pHs in 0.1 M acetate buffer. 
(Figures denote Spekker readings) 













Subsequent experiments using this 
mixed buffer have also shown that recoveries of added phenol- 
phthalein are much better even in the presence of considerable 
quantities of inactive cell debris, than when glycine was 
used alone. 
The modified procedure now adopted 
88. 
is as follows:- 
A mixture of 3.0 ml 0.1 M buffer 
0.5 ml 0.1 M substrate 
0.5 ml enzyme preparation 
o 
is incubated for an hour at 37 C. At the end of the incub- 
ation 4.0 ml of 0.4 M glycine buffer containing 0.25 M 
Na2CO3 is added to stop the reaction. The tubes are 
centrifuged at 3000 r.p.m. for 10 mins. on a bench centrifuge 
and the colour of the clear supernatant solution measured 
on a Spekker absorptiometer using yellow green filter Ilford 
No. 605. 
E) Heparin and ascorbic acid as inhibitors of ß -glucuronidase 
Becker & F'riedenwald (19149) reported 
inhibition of rat tissue glucuronidase by heparin and ascorbic 
acid. In their estimations, a substrate concentration of 
0.0005 M was employed although in the original Talalay et al 
procedure the concentration of the substrate was 0.01 M. 
When the experiments of Becker & Friedenwald were repeated 
with mouse liver glucuronidase preparations and using the 
original Talalay et al procedure, only moderate inhibitions 
were observed. The results of these experiments are 
































































































































































































































































































































































































































































































The higher percentage inhibition obtained by Becker & 
Friedenwald in some instances may have been either due to 
species difference or the lower substrate concentration 
employed in their estimation. If it is necessary to dilute 
the substrate to obtain inhibition, the substances must be 
very feeble inhibitors; hence the failure to find it in our 
own study of inhibitors. 
Glucuronide synthesizing system in chicken liver 
Chicken liver was examined for its 
ability to synthesize O- aminophenylglucuronide under the same 
conditions employed for mouse liver slices. Although it had 
a glucuronidase activity of 228 G.U. per g. moist tissue (Kerr 
Ph.D. Thesis 1949), it had no synthetic activity. The failure 
to observe synthetic activity may have been due to the un- 
favourable conditions employed for the study of glucuronide 
synthesis with chicken liver slices. The author has found 
references in the literature in which glucuronic acid is 
claimed to be a growth factor for chickens (Robinson et al 
1939, Hegsted et al 1939, Almquist et al 1940 (a), 191+0 (b).). 
It would be quite interesting to study both the glucuronidase 
activity and the glucuronide synthesizing system in the 
different tissues of the chicken at various ages. In contrast 
to unweaned young mice, it should be possible to keep chickens 
on a strictly controlled synthetic diet from the date of 
hatching. 
G E N E R A L D I S C U S S I O N 
21 
GENERAL DISCUSSION 
The function of p- glucuronidase in vivo 
still remains one for speculation. The results of the 
present work firmly establish the fact that the glucuronide 
synthesizing system and the glucuronide hydrolysing system 
are quite distinct. While the former appears to be a 
complex system, confined mainly to liver and to some extent 
the kidney in the organs examined so far in the mouse, the 
latter, g- glucuronidase, has been found in practically all 
organs ¡examined. This observation by itself should be enough 
evidence for maintaining that the two systems are different. 
ó.easures causing a rise or fall in glucuronidase activity in 
mouse liver have not caused a corresponding rise or fall in 
the synthetic activity of the liver showing that there was 
no direct relationship between the two enzyme systems. 
Finally, some organs having high glucuronidase activity 
(young mouse liver and cancer tissues) showed very small or 
no synthetic activity at all. These findings effectively 
dispose of Fishman's postulate cf a synthetic role for 
13-glucuronidase in the animal body. 
Is glucuronide formation merely a 
detoxication mechanism? The answer is - 'No'. Although 
it has been regarded purely as a detoxication process for 
quite a long time, the isolation of several physiologically 
important substances as their glucuronides and also the 
widespread presence of p - glucuronidase in the animal tissues 
have now made workers regard glucuronide formation as one of 
the metabolic conjugation processes. 
One may regard the glucuronide syn- 
thesizing system and p -glucuronidase as forming a group of 
enzymes regulating the transport of certain substances to the 
various tissues in the animal body. The required substance 
may either be the glucuronic acid molecule or the aglucone 
molecule or both. Muco-proteins containing glucuronic acid 
residues enter into the composition of certain types cf tissue. 
It is therefore possible that when glucuronides are trans- 
ported in the blood stream to these tissues,(;- glucuronidase 
acts on them liberating free glucuronic acid for the formation 
of mucoproteins. Another substance that may possibly be 
built up thus is hyaluronic acid. The glucuronides of the 
steroid hormones on the other hand may be hydrolysed mainly 
for the sake of the steroid action in organs such as the 
uterus. 
Salkowski & Neuberg have reported 
the presence of glucuronic acid decarboxylase in bacteria 
isolated from putrefying flesh. The decarboxylation of 
glucuronic acid would give xylose. But one cannot regard 
it as impossible for the animal body to convert xylose to 
ribose and then use it in the synthesis of nucleic acids. 
In a rapidly proliferating tissue, 
the glucuronidase activity is increased. If the function 
of glucuronidase is to liberate glucuronic acid from glucur- 
onides for the formation of new cell constituents where do 
93. 
the glucuronides come from? Either it is synthesized in 
some other organ in the animal or is taken in with ingested 
food or as in a damaged organ it may come from the damaged 
tissue itself. In an adult mouse which has been administered 
a toxic compound such as menthol or chloroform, the synthetic 
activity of the liver is not increased. In such cases one 
might expect endogenous glucuronides bg from damaged cells 
to supply the necessary glucuronic acid for the formation 
of new cell material. In a young mouse, the synthetic 
system in the liver does not develop till about the third 
week. Up to the third week or so, the mouse lives mainly 
on its mother's milk and starts taking solid food only after 
the third week. It is highly probable that as the organs 
in a young mouse show high glucuronidase activity and are all 
in a state of rapid growth, glucuronides are provided to the 
young animal in the mother's milk. The author has on various 
occasions considered the possibility of testing this hypothesis, 
but has for various reasons postponed the investigation. 
It is unfortunate that the inhibitor 
discovered for R -glucuronidase does not produce any in vivo 
effects. A substituted saccharic acid which is not easily 
metabolised in the animal body should be of great help in 
tt:e elucidation of the physiological role of B- glucuronidase. 
The discovery of a glucuronic acid 
decarboxylase in animal tissues would not be very surprising. 
Certain bacterial polysaccharides are 
94-. 
known to contain glucuronic acid residues. Studies with 
these bacteria might yield some valuable information 
regarding glucuronic acid metabolism. 
Glucuronic acid is claimed to be a 
growth factor for chickens. If, as was observed in the 
single experiment, chicken liver has no glucuronide synthesiz- 
ing activity, but has glucuronidase activity, it should prove 
to be suitable material for investigation of the possible 
function of p- glucuronidase in vivo. 
It might be interesting to speculate 
why a different enzyme system should be necessary to promote 
synthesis of glucuronides. The work of Lipschitz & Bueding 
suggests very strongly that a phosphorylating mechanism is 
involved during the synthesis and also that the oxidative 
activity of the cell is an essential requirement. Substances 
like adenosine triphosphate (A.T.P) and creatine phosphate 
(C.r.) have been shown to take part in energy transfers via 
energy rich phosphate bonds during cell metabolism. If 
glucuronide formation is a process involving large energy 
transfers, then a mechanism involving a substance such as 
1a.T.P. or C.-I-. would be necessary for its accomplishment. 
It seems possible that the synthetic 
system in liver forms glucuronides from 3- carbon compounds by 
such reactions and that glucuronidase in liver and other tissues 
liberate6 from the glucuronides formed free glucuronic acid to 
meet their requirements. 
S U M M A R Y 
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SUMMARY 
1). The inhibitory effect of some substances on 
g -glucuronidsse activity has been investigated. 
D -gluco saccharic acid is the most powerful of 
the inhibitors that have been studied. 50% 
inhibition was obtained with 2 x 10-4 M saccharic 
acid concentration while almost 100% inhibition 
was obtained with 10 -2 M saccharic acid. 
2). The inhibitory effect of saccharic acid appears 
to be independant of the source of the enzyme 
and the degree of purity of the preparation. 
Liver, uterus, kidney, spleen, and tumour enzyme 
preparations are all inhibited equally well. 
The degree of inhibition does not appear to be 
markedly affected by the concentration of the 
enzyme preparation. 
3). The inhibition appears to be of a reversible nature. 
Precipitation of the enzyme from a solution 
containing saccharic acid by 50¡ ammonium sulphate 
saturation gives a precipitate which is almost 
free of any loosely combined saccharic acid. A 
second precipitation with ammonium sulphate frees 
the enzyme of the saccharic acid completely. 
96. 
4). An approximate value for KT - the dissociation 
constant of the enzyme inhibitor complex has 
been obtained for the 8 -glucuronidase saccharic 
acid complex. / 
5). No in vivo effects were produced when saccharic 
acid was administered to mice either orally or 
by injection. This is possibly due to the 
rapid destruction of saccharic acid in the animal 
body. 
6). The glucuronide synthesizing system has been 
studied in some tissues of the mouse. The 
activity is mainly confined to liver and to a 
smaller extent in the kidney. /3141ucuronidase 
activity on the other hand has been shown by 
other workers to be widely distributed in the 
animal body. 
7). The glucuronide synthesizing system in the mouse 
liver develops with the age of the mouse. It 
is practically nil at birth and approaches steady 
adult values about the fifth week after birth. 
8). The p- glucuronidase activity of a tissue does not 
affect its glucuronide synthesizing activity. 
This has been demonstrated by the use of saccharic 
acid in tissue slice experiments. 
97. 
9). Saccharic acid has been shown to penetrate tissue 
slices. Our results have been confirmed by the 
findings of Dr. J.G. Campbell, using a different 
technique. 
10). Saccharic acid has no marked effect either on the 
aerobic or anaerobic respiration of mouse liver 
slices when tested in the Warburg apparatus. 
11). Measures, such as partial hepatectomy or injection 
of menthol, carbon tetrachloride, or sorbic acid, 
which cause a rise or fall in the glucuronidase 
activity of mouse liver, did not show corresponding 
changes in the glucuronide synthesizing power of 
the liver. 
12). Sorbic acid, colchicine, and menthol, have been 
shown to have an inhibitory effect on the in vitro 
synthesis of glucuronides by mouse liver slices. 
'hile the effect of menthol may be purely compet- 
itive, that of sorbic acid or colchicine is difficult 
to explain at the moment. 
13). Attempts to synthesize o- aminophenyl glucuronide 
by incubating o- aminophenol, glucuronic acid and 
Q -glucuronidase preparations or tissue homogenates 
have proved unsuccessful. 
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14). Preliminary studies on the effect of diet on 
the glucuronide synthesizing system of mouse 
liver have been reported. 
15). The presence of a g- glucosidase in mouse liver 
preparations has been observed. 
16). A "yeast like" organism possessing g - glucuron- 
idase activity was isolated from a solution of 
phenylglucuroniôe, but was found to lose its 
activity on further subculture in a synthetic 
medium. 
17). An unsuccessful attempt at synthesizing 
phenyl-ß-d- glucuronid.e by the oxidation of 
the glucoside with 1204 in chloroform has been 
reported. 
18). A modification of the Talalay et al procedure 
for the assay of ,- glucuronidase activity 
using phenolphthalein glucuronide has been 
described. 
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A GLUCUROriIDE -DEC OMPOS ING ENZYME 
IN THE RUMEN OF TfIE SHEEP 
104. 
IIITRODLFCTIODi 
At one end of the scale in the animal 
species there are the carnivores with a comparatively simple 
alimentary tract. At the other end come the herbivores with 
a much more elaborate digestive apparatus. The omnivores 
occupy an intermediate position in this respect. 
The food ingested by an animal may be 
broken down, generally speaking, by three different mechanisms; 
- by enzyu es secreted into the alimentary tract by the animal, 
by enzymes taken in along with ingested food or by micro- 
organisms occurring in the alimentary tract of the animal. 
In carnivores and man, as far as is known, the food ingested 
is broken down by enzymes secreted by the animal itself into 
the alimentary tract. In the herbivores however, the 
position is different. The greater portion of their diet is 
composed of cellulose and other complex polyuronides in which 
the individual sugar units are linked to one another by 
-linkages. Although enzymes capable of breaking down 
polysaccharides containing ok glucosidic linkages have been 
found in the digestive juices of these mammals, no enzyme 
capable of breaking down 
p 
-linked polysaccharides has as yet 
been identified. It is generally agreed that the breakdown 
of such complex 
r 
-linked polysaccharides is brought about by 
the micro- organisms present in the a1inwntary tract. 
The alimentary tract of the herbivores 
differs from that of the carnivores chiefly in respect of 
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capacity. This is the basic adaptation to the herbivorous 
mode of life. The most usual form is the enlargement of 
the caecum or colon as is well marked in the equidae. The 
ruminants on the other hand, in addition to an enlarged 
caecum and colon, possess a modified and capacious gastric 
system. The ruminant stomach is in four parts - the rumen, 
reticulum, omasum and abomasum. The first two, rumen and 
reticulum, together function as a single unit. The solid 
food enters the rumen while saliva and water enter the ret- 
iculum. Owing to the brisk regular contractions of the 
reticulum which occur about once a minute, the contents of 
the reticulum are washed into the rumen there to be mixed 
thoroughly with the food particles. Later, the contractions 
of the walls of the rumen return the fluid to the reticulum. 
By this process, a gradual separation and accumulation of 
the smaller food particles occurs in the reticulum from where 
they pass on through the omasum into the abomasum where true 
gastric digestion takes place. Of the four compartments 
described above, only the abomasum is glandular. 
The rumen is well suited to the main- 
tenance of a large and active population of micro-organisms. 
The contents of the rumen are kept continually stirred by the 
muscular contractions of the walls of the rumen. A copious 
and continuous supply of saliva not only serves as a medium 
for the suspension of food particles but also acts as a good 
buffer for the growth of the rumen micro- organisms. 
It has been well established as a 
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result of the work of Tappeiner (1884), Thomas & iringsheim 
(1918) and others that cellulose ingested by a ruminant is 
broken down in the rumen of the animal. That this breakdown 
was caused not by an enzyme secreted by the animal but by 
micro -organisms has also been established by Tappeiner (1884) 
and Scheunert (1906). Gray (191+7) has shown that in the 
sheep the digestion of cellulose occurring in the rumen could 
be as much as 7O of the ingested cellulose. The conditions 
obtaining in the rumen are anaerobic and hence the organisms 
causing the breakdown of cellulose and other polysaccharides 
have been regarded as mesophilic anaerobes. 
During the breakdown of ingested food 
in the rumen of the sheep, carbondioxide and methane are 
liberated in large quantities, the micro -organisms increase 
in numbers and volatile fatty acids such as acetic, propionic 
and butyric are produced. Bacteria in common with other 
living things require both energy and nitrogen apart from 
growth factors and minerals. Furthermore, for effective 
digestion of insoluble material such as cellulose, bacterial 
growth is essential. Therefore it is reasonable to assume 
that the rumen micro- organisms live upon the food eaten by 
the animal and that any foodstuff entering the rumen is liable 
to attack by the micro-organisms. 
Normally the amount of mono- and di- 
saccharides contained in the ruminant food is small. When 
glucose, fructose, cane sugar and maltose were introduced 
into the rumen, they were found to disappear rapidly, while 
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rapid fermentation occurred in the rumen resulting in the 
production of volatile fatty acids. Young pasture grass 
contains a large amount of fructosan - a water soluble poly- 
saccharide - and other water soluble sugars in smaller amounts. 
The speed with which glucose disappears in the rumen, makes 
it unlikely that these soluble sugars would escape fermentation 
in the rumen. It has been shown by Kellner (1900) that 
starch and pure finely divided cellulose had the same nutritive 
value in the ruminant. 
After a meal, certain types of cocci 
present in the rumen of the sheep were found to accumulate 
polysaccharides within their cell structure which later dis- 
appeared probably as a result of bacterial metabolism. This 
appearance and disappearance of a starch -like polysaccharide 
has been followed by their staining reaction with iodine. The 
organisms are known as "iodophi_es" (baker et al 194.7-191+8). 
This phenomenon is very married when starch or glucose is fed 
to the animal. 
Cultures of rumen micro -organisms when 
grown in vitro under suitable conditions on a cellulose medium 
have been shown to accumulate glucose, lactic and pyruvic acids 
in the medium. (t'ringsheim 1 91 2, 'Woodman & Stewart 1928, 
Woodman 1930, Woodman & Evans 1938. ). The production of free 
glucose in the rumen, however, has never been demonstrated. 
Although some workers seem to think that part of the glucose 
may be absorbed as such from the rumen, the majority of workers 
in this field believe that any absorption from the rumen 
is by 
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way of volatile fatty acids formed from glucose via lactic or 
pyruvic acids (Marshall (Fe Phillipson 1945, Phillipson 1942, 
Elsden et al 1945 -1946, Phillipson & Mcñnally 1942, Barcroft 
et al 1944, Danielli et al 1945). One may therefore picture 
the complex food entering the rumen as being broken down by 
the micro- organisms to simpler units and part of it built up 
into their own cell structure (Baker 1939). Later this 
cellular material may be broken down either in the rumen 
itself during bacterial metabolism to produce volatile fatty 
acids or in the abomasum under conditions unfavourable for the 
existence of micro- organisms. That micro- organisms are easily 
disintegrated in the abomasum has been well established. 
Several workers have tried to identify 
the organisms responsible for the breakdown of cellulose and 
other high molecular weight polysaccharides. Some have 
attempted to isolate the organisms in pure cultures on cellulose 
containing media (Pochon 1935, 1938). A certain amount of 
success in this direction has been achieved by these workers. 
Others have attempted a microscopic study of rumen contents 
and have fcund that certain types of cocci are found very 
closely attached to particles of food. They appear to be in 
cavities formed by the enzymic breakdown of the food particles. 
(Baker 1933, Baker & Martin 1937 a, b; 1939). These organisms 
areiodophilic and are believed to contain the cellulose 
decomposing enzyme. lhile in the former method there is the 
danger that a normally poorly growing organism in the rumen 
may grow vigorously on a synthetic medium and thereby 
gain 
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undue recognition as a potential source of cellulose digesting 
enzyme, the latter method is not quite complete by itself in 
identifying the organisms responsible for the breakdown of 
cellulose and other polysaccharides. Before an organism can 
be said to be a functional member of the rumen population, it 
should be shown to carry out a chemical reaction known to occur 
in the rumen and it should also be present in sufficient numbers 
in the rumen to carry out this reaction. 
The micro- organisms in the rumen have 
been shown to change both qualitatively and quantitatively 
with the nature of the diet. These changes have been cor- 
related to some extent with changes in the chemical activity 
of the microbial population (Elsden 1945, McDougall 1945, 
uin 1943). Iodophilic cocci (Van der Wath 1942) "Yeast -like" 
organisais also called ,juin' s organisms (Quin 1943) , a Gram 
negative iodophilic coccus and a Gram negative rod like 
organism (hungate 1947, Sijpesteijn 1948) have been claimed 
to be associated with cellulose breakdown in the rumen of 
various animals. Strains of propionic acid bacteria have 
also been obtained (Elsden 1945). Some strains of Diplodinia 
and Entodinium of the protozoa present in the rumen are claimed 
by hungate to possess cellulase activity (1942, 1943). Whether 
protozoa play as important a part as the bacteria in the 
nutrition of ruminants is a subject of much controversy. 
Although quite a lot of attention has 
been paid by workers in the field of ruminant nutrition to the 
nature and absorption of the end products of digestion in the 
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rumen, very little work, if any, has been done on the initial 
stages of the breakdown of complex polysaccharides. As far 
as the author is aware, no study of an enzyme isolated from 
the rumen organisms has been made. Hungate (1942, 191.3) has 
stated that cell free preparations from some strains of 
cellulose 
Diplodinia grown on a synthetic medium containing gIkleotese had 
cellulase activity. r'ahraeus (19177) has prepared a cell free 
preparation of an enzyme from oytophaga globulosa - isolated 
from beech wood litter in the vicinity of Berlin - which was 
able to hydrolyse cellulose, lichenin and cellophane. The 
enzyme was extracted from a dried preparation of the organism 
with borate buffer at pH 9.0. 
The present work was started with a 
view to a study of the hydrolytic enzymes involved in the 
initial breakdown of the carbohydrates normally present in 
ruminant foodstuffs. Instead of trying to isolate pure 
cultures of organisms growing in media containing specific 
polysaccharides found in ruminant foodstuffs, it was decided 
to make cell free enzyme extracts from a mixed rumen microbial 
population and after purification of such preparations to 
characterize the enzymes. 
The technical difficulties associated 
with the preparation of cell free extracts of bacterial enzymes 
can now be overcome as a result of the work of Gale and others. 
The use of such extracts avoids the complication introduced by 
the rapid further metabolism of the initial breakdown products 
by the micro-organisms. 
The detection of traces of hexoses 
and other initial hydrolysis products of a polysaccharide in 
a complex medium is very difficult, particularly when the 
initial hydrolysis is kept at a low rate by the insolubility 
of the substrates. The use of a simple soluble molecule 
containing the characteristic linkage - found in the complex 
polysaccharides present in ruminant foodstuffs - and giving 
rise to easily detected products, stable in the medium 
employed was considered hopeful for initial work on the 
enzymes. Once obtained in a comparatively pure and concen- 
trated fora, the study of the action of the enzymes on the 
natural substrates is simplified. 
ri /3- glucuronide decomposing enzyme 
has been found in the micro- organisms present in the rumen 
of the sheep and some of its properties have been studied. 
fuller investigation of the enzyme is in progress and the 
author hopes to publish the results of these investigations 
at a future date. 
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EXPERIi,ENTAL 
A) ESTIMATION OF AZYME ACTIVITY 
preparation of cinchonidine salt of phenolphthalein 
monoglucuronide 
The cinchonidine salt of phenol- 
phthalein monoglucuronide was prepared by the method of 
Fishman, Springer & Brunetti (1948). Rabbits were injected 
subcutaneously with a neutral solution of phenolphthalein_ 
phosphate daily for six days. The urine was collected each 
day, strained through surgical gauze and acidified with 
hydrochloric acid to Congo red paper. The acidified urine 
was extracted with ethyl acetate and the cloudy ethyl acetate 
layer centrifuged. The clear ethyl acetate supernatant was 
siphoned off and decanted through cotton wool. The ethyl 
acetate extracts from the six day's collection of urine were 
pooled, concentrated in vacuo to a small volume and the 
phenolphthalein glucuronide precipitated as its cinchonidine 
derivative. The crude product was recrystallized from a 
mixture of methylalcohol and ethyl acetate. The recrystall- 
ized product on hydrolysis with dilute hydrochloric acid gave 
38.1p phenolphthalein, corresponding to the monoglucuronide. 
r reparation of 0.1 M phenolphthalein glucuronide 
0.786 g cinchonidine derivative of 
phenolphthalein glucuronide, 2.0 ml 6N HC1, 30 ml distilled 
water and 20 ml ethyl acetate were mixed together with 
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stirring till the solid dissolved. The contents were 
transferred to a separating funnel and the ethyl acetate layer 
separated. The aqueous layer was extracted four times with 
10 ml portions of ethyl acetate and the ethyl acetate extracts 
were all pooled. The ethyl acetate extract was decanted 
through a cotton wool plug and then evaporated to dryness 
in vacuo. The solid residue was taken up in water, the pH 
of the solution adjusted to 6.1 (glass electrode) and the 
volume made up to 100 ml. 
Glycine - Sodium carbonate buffer 
16.30 g aminoacetic acid and 12.65 g 
sodium chloride were dissolved in water and 10.9 ml of a 
concentrated sodium hydroxide solution (100 g NaOH in 100 ml 
water) added. The pH of the solution was adjusted to 10.1+5 
and then 26.5 g anhydrous sodium carbonate added. The 
solution was finally made up to 1000 ml. The final pH was 
10.7. 
trocedure for the assay of the glucuronide-decomposing enzyme 
3.0 ml phosphate buffer(0.1 M, pH 6.1)3) 
0.5 ml 0.1 M phenolphthalein glucuronide and 0.5 ml enzyme 
preparation were incubated together for an hour. At the end 
of the incubation, 1+.0 ml of glycine - sodium carbonate buffer 
were added. The incubation mixtures were centrifuged for 
10 mins. at 2700 r.p.m. on a bench centrifuge and the pink 
colour of the clear supernatant measured on a Spekker absorp- 
tiometer using Ilford filter No. 605 (Spectrum-yellow green). 
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Enzyme activities are usually 
0 
expressed aspg phenolphthalein liberated per hour at 37 C. 
The amount of phenolphthalein liberated was read off a standard 
curve. 
NITROGEN DETERYiL¿LTIONS 
Catalyst for digestion (Chibnall, Rees & Williams 191+7) 
The catalyst was composed of a 
mixture of the following substances in a finely powdered form. 
rotassium Sulphate K2 SO4 80 g 
Copper Sulphate Cu SO4- 5H2O 20 g 
Sodium Selenate Na2 SeO4- 1-I20 0.31+ g 
Mixed indicator 
ti solution of 33 mg. Bromo cresol 
green and 66 mg. Methyl Red in 100 ml of ethanol. 
Boric acid reagent 
1+0 g Boric acid were dissolved in 
1520 ml ethanol and 80 ml of the mixed indicator added. The 
solution was made up to 2000 ml with distilled water. 
r rocedure 
A suitable aliquot of the enzyme 
;g lie preparation was digested with 2 ml Conc. H2SO4 and a 
of the catalyst for 8 hrs. The digest was transferred to 
the Markham steam distillation apparatus (191+2), and after 
the addition of caustic soda, the ammonia liberated steam 
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distilled into a known volume of Boric acid reagent. When 
25 ml of distillate had been collected, the distillate was 
titrated against 100 HC1 solution from a microburette till 
the green colour of the indicator turned pink. Suitable 
blanks were carried out with the reagents used. 
1 ml N /100 :íC1 = 144 g N. 
RULTS 
Description of sheep used and method of sampling rumen 
contents 
A castrated male Cheviot sheep with 
a permanent rumen fistula was used in most of the experiments. 
The sheep was kept on a diet of hay and concentrates composed 
of 2 parts by weight of linseed oil cake and 1 part by weight 
of crushed oats. 150 g hay was fed twice a day at 8 a.m. 
and 8 p.m. and 150 g concentrates at 11 a.m. Rumen samples 
were taken 22 hrs. after the morning feed of hay using a wide 
bore glass tube. The volume of sample taken was usually about 
500 ml and the samples were regarded as fairly representative 
of the rumen contents. 
B) ì,.icroscopic examination of sample 
The rumen sample as taken by the 
procedure described above contained large particles of hay 
and other foodstuffs in addition to the micro- organisms and 
116. 
smaller food particles. The rumen liquor was always strained 
through eight layers of surgical gauze to remove the large 
particles of hay. A microscopic examination of the strained 
rumen liquor revealed a variety of protozoa, "yeast like" 
organisms - often referred to as Quin's organisms - "cigar 
shaped" bacteria and cocci. Small particles of hay were 
also found. Although no count of the organisms was made at 
any time, protozoa and Quin's organisms appeared to predomirate. 
C) Separation of the micro -organisms into fractions by 
fractional centrifugation 
the organisms present in the rumen 
were of different sizes, it was found possible to separate 
them into groups based on their relative sizes. Groups of 
micro -organisms obtained by various fractionation procedures 
were studied for their glucuronide- decomposing enzyme activity. 
As a result of this preliminary investigation the procedure 
finally adopted for the fractionation of the rumen micro- 
organisms was as follows:- 
The strained rumen liquor was centri- 
fuged for 2 mins. at a speed equivalent to an R.C.F. value of 
14 x g. The greenish white sediment obtained contained 
plant debris, most of the protozoa and some of the large sized 
bacteria and Quin's organisms. See fig. (1). The super- 
natant was now centrifuged for 30 mins. at a speed correspond- 
ing to an R.C.F. value of 1540 x g. The creamy white sediment 
obtained consisted mainly of Quin's organisms, the larger 
_ 
aii 7 "' 
t. .%. , v, I 
.414 . A_Ii, . . '- }'1 91 . . ,1 
. . . , ' s / / M Ni / / / . , 
41' - I 1 , i 
w I i ì > yr 
, ;, . . . 
t í ri' 
0 












gill i Nt%___ .. ,i I . var 
.0 ' i / j 0 .. 00 . 
. .. . 07 .4 
1 i's 
.0 . 4 t. t_ or , . . . , # i' ' 4. "" . 
1. t 
.0 op e 
*4 k .. 
-b a. 0 
. .. ,o 4 . . A l 1;4 e . 441 
* : -.2. ail 
i .%..4. a . . '-g.i .:: li i* 1..6 . ': .1?, .. . 0 i fil .* 0 11 " r ). its, 10.. r . ..... 1 . ' ,, to 
T 
, Ili %(41 -?. . , 








i ., ' 
1 '9 / 4.'1' .T. .. ,. , , . os - 4) ' ''' 
I f - . y 
/ea 
co,. # .. ' b 
i / %. .1. 9.4 
It, 
l :ye' % et 










' %ill I I I . . .J1,1 e ( 
117. 
bacteria and some protozoa. See figs. (2) and (3). The 
supernatant was next centrifuged for 30 mins. at a speed 
corresponding to an R.C.F. value of 5140 x g. The white 
sediment obtained consisted of the smaller bacteria and a 
few large bacteria and ruin's organisms. See fig. (4.). 
The supernatant from this centrifugation was a dark brown 
and almost cell free. 
The various fractions as prepared by 
the above procedure were designated fractions (1) , (2) , (3) 
and (1+,. The sediments were resuspended in suitable volumes 
of water and their ability to decompose phenolphthalein - -d- 
glucuronide to liberate free phenolphthalein estimated by 
the method described before. Estimations of total N were 
also made on the various fractions. The final supernatant - 
fraction (4) - was devoid of enzyme activity. The results 
of these estimations are shown graphically in fig. (5). 
The heights of the blocks represent 
the relative concentrations of the enzyme in the various 
fractions when expressed per unit of total N. The areas of 
the blocks show the relative total activities of the three 
fractions. The relative concentrations are in the ratio 
3 :8:2 and the total activities in the ratio 7:26:1. It is 
quite evident that the bulk of the activity and the greatest 
concentration of the enzyme per mg total N are in fraction (2). 
D) Do the protozoa contain this enzyme? 
By a process of repeated fractional 
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sedimentation, it was possible to prepare a protozoal fraction 
which contained very few or no bacteria in it. The protozoal 
preparation was white in colour and consisted mainly of the 
larger sized species - holotrich ciliates and some large 
oligotrich ciliates. These protozoal suspensions were 
prepared starting from both strained rumen liquor and fraction 
(1). Although the initial starting fractions possessed high 
enzyme activity, the protozoal suspensions did not have any. 
It would appear from these experiments 
that whatever activity was observed in fraction (1) was probably 
due to the presence of win's organisms and larger bacteria 
and not at any rate to the larger protozoa. 
It was not found possible to prepare 
suspensions of the smaller protozoa, free of bacteria, by this 
method. 
Is the enzyme activity associated with the organized 
activity of the cells? 
Although it would appear that the 
enzyme being studied was a hydrolytic one, it was decided to 
study the effect of some measures, which would destroy or 
inhibit the organized activity of the cell as a whole, on the 
glucuronide decomposing activity of the micro- organisms. 
Two methods were examined. 
In the first instance, the cells were 
dehydrated by treatment with acetone. An active fraction of 
the rumen micro -organisms was washed once or twice with water 
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to remove any colouring material and a thick suspension of 
the washed micro -organisms poured into 4 volumes of acetone 
with continuous stirring. The organisms coagulated and 
settled at the bottom of the vessel. After leaving the 
organisms in contact with the acetone for 10 mins., the 
coagulated mass was filtered at the pump, washed once with 
acetone and finally with ether. It was dried at the pump 
by suction till no trace of ether or acetone was noticeable. 
The preparation was finally dried in vacuo over Ca C12. 
It was light brown in colour. If the initial washing of the 
micro -organisms was omitted, the final preparation tended to 
darken on exposure to the air - as the rumen liquor does. on 
standing exposed to air. 
The enzyme activity of the organisms 
was studied both before and after the acetone treatment and 
also after keeping the acetone dried powder for some time in 
vacuo at room temperature. About 50-75% of the initial 
activity is retained in the acetone dried preparations and 
it would thus appear that the organized activity of the cell 
was not a necessary condition for the activity of the enzyme 
being studied. The 25-55Q loss in activity may be due to 
denaturation of the enzyme protein occurring during the 
acetone treatment. 
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TABLE (1 ) 
The effect of acetone treatment on the enzyme activity 
of micro-organisms 
Nature of treatment 
Activity per unit 
dry weight of organism 
(f +g ) 
activity 
retained 
Iïo acetone treatment (a) 42 
(b) 26 
Acetone dried organisms 
soon after preparation 
(a) 30 71 
(b) 15.6 6o 
Acetone dried organism (a) 16 38 
1:ept in vacuo at It. T. 
(b) for 23 days 
in a second series of experiments, the 
effect of adding a few drops of toluene to the incubation 
mixture syn. s studied. If the enzyme were of an oxidation - 
reduction character, one would expect the addition of toluene 
to produce a decrease or complete inhibition of enzyme activity. 
No such effects were observed. In the tube containing 
toluene 102 pg of free phenolphthalein was liberated as 
opposed to 106 in the control tube. One is again led to 
conclude that the enzyme is probably a hydrolytic one and 
not one dependant on the organized activity of the cell as 
a whole. 
F) Preparation of cell free enzyme 
A cell free enzyme preparation was 
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obtained for the purpose of identifying and characterizing 
the enzyme. Preliminary studies had shown that the enzyme 
was most concentrated in fraction (2). This was therefore 
used as a source of the enzyme in all subsequent work. 
One method of preparing cell free 
enzyme extracts has been to extract dried preparations of 
organisms with suitable buffers. When this method was used 
with acetone dried organisms, it did not prove successful. 
It has, however, been found possible 
to break down the cell walls of the organisms by shaking 
them at high speeds with fine glass beads and extracting the 
enzyme from the disintegrated cells with water. For this 
purpose, the Mickle tissue disintegrator, which is essentially 
a high speed shaker, and Ballotini beads (Grade 12 - Chance 
Bros. Ltd.) have proved very satisfactory. The organisms 
disintegrated in an aqueous medium were centrifuged at a 
high speed (8300 x g) when a cell free supernatant containing 
enzyme activity was obtained. It was sametimes necessary 
to centrifuge a second time to obtain the supernatant quite 
cell free. These cell free enzyme preparations were used 
in subsequent experiments. 
G) pH - activity curve 
The pH optimum for the activity of a 
cell free enzyme extract was studied. t? mixed phosphate - 
citrate buffer was used over the pH range 3.0 - 8.0. 






enzyme preparation and 0.5 ml substrate. A similar set of 
incubation mixtures was set up for pH measurements. In the 
enzyme blanks, water was substituted for substrate. At the 
end of an hour's incubation 4.0 ml of glycine - sodium 
carbonate buffer was added and the pH of each tube adjusted 
to that of the tube showing the maximum pH viz. 10.50. 
The solutions were all made up to 10 ml and the colours read 
on the spekker absorptiometer. The pH of the incubation 
mixtures was determined both before and after incubation and 
the average of the two values taken as the pH for that 
particular estimation. Incubation causes little change in 
pH 4 0.4 pH). The results of three different experiments 
unit 
are expressed graphically in fig. (6). The activities are 
expressed as fractions of the maximum activity observed. 
The pH optimum of the cell free 
enzyme extract is approximately 6.1 as is seen from the 
figure. 
In the preliminary experiments, the 
estimation of enzyme activity was carried out at pH 4.5 in 
acetate buffer (0.1 M) as,- glucuronidase estimations were 
done at pH 4.5. All these experiments, however, were 
repeated at pH 6.1 using phosphate (0.1 M) buffer. 
The enzyme activity of a cell free 
preparation was estimated in pure citrate, acetate and 
phosphate buffers at pH 6.1. The activities were identical 














H) pH stability curve 
The pH of a cell free enzyme prepar- 
ation was always about 6.3 - 6.5 before adjustment. In 
certain preliminary experiments, it was observed that when 
the pH of such an enzyme preparation was brought to 4.0 and 
then adjusted back to 6.1 a certain loss in enzyme activity 
took place. If the p- happened to fall to 2.0 even for a 
short tune, the activity was completely lost and could not 
be restored by adjusting the pH back to 6.0. 
Two experiments were conducted to find 
out how the enzyme activity reacted to pH changes over the 
range 3.0 - 9.0. An enzyme preparation was divided into a 
number of fractions. Each fraction was adjusted to a 
different pH (glass electrode). The enzyme solutions were 
then incubated at 37 C in the first experiment for 15 min. 








the incubation, the pH of the enzyme solutions was 
adjusted to 6.1 and the solutions made up to known volumes. 
The activities of these solutions were measured in the usual 
manner. The results of the two experiments were almost 
identical and the results of the experiments in which the 
enzyme solutions were incubated for an hour are shown graph- 
ically (fig. 7). The activities are expressed as fractions 
of the maximum activity observed in the experiment. The 
enzyme appears to be most stable about pH 6.4; the activity 
being markedly destroyed below pH 5.0 and above pH 8.0. 
I) Fractionation of the aqueous cell free enzyme extract by 
ammonium sulphate precipitation 
One of the methods of purifying an 
enzyme preparation is to precipitate out the enzyme protein 
from a solution by adding ammonium sulphate in increasing 
amour_ts, discarding the inactive protein fractions and 
obtaining the active enzyme fraction between certain limits 
of ammonium sulphate saturation. An aqueous cell free 
extract of the rumen micro -organisms would, in addition to 
the protein showing enzyme activity contain other inactive 
proteins. Some of these inactive proteins may be muco- 
proteins which tend to precipitate out of solution at an 
acid pH. Although making the pH of an aqueous solution of 
the glucuronide decomposing enzyme acid resulted in a partial 
loss in activity, it was found that the removal of inactive 
protein from the initial aqueous extract made possible the 
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subsequent concentration and purification of the enzyme 
protein. 
Preliminary experiments showed that 
at pH 4.5 a considerable amount of inactive protein was 
removed. Subsequent to this treatment, any material 
precipitated up to 25% saturation with ammonium sulphate 
showed no enzyme activity. Neither did any material 
precipitating above 75% saturation. As a result of these 
preliminary studies, the following procedure was finally 
adopted for the further purification of the enzyme by 
ammonium sulphate fractionation. 
The aqueous cell free extract (pH 6.3 - 
6.5) was cooled to 0 °C and the pH brought to 4.5 with acetate 
buffer. The mixture was centrifuged as quickly as possible 
in cooled centrifuge cups, and the pH of the supernatant 
immediately brought to 5.8 with the calculated amount of 
alkali and finally adjusted to 6.1. The solution was made 
20¡ saturated with respect to ammonium sulphate by the 
addition of the required quantity of a saturated solution of 
ammonium sulphate adjusted to päì 6.1. The precipitate 
thrown down had no enzyme activity and was discarded. The 
supernatant was now made 75% saturated by the addition of 
more ammonium sulphate and the precipitate formed spun down 
on the centrifuge. This active enzyme fraction was redissol- 
ved in 0.1 D4 phosphate buffer pH 6.1. The enzyme solution 
was divided into 12 portions in tubes 1 -12. Saturated 
ammonium sulphate solution at pH 6.1. was added to tubes 
SY_ _ 
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1 -11 to make the percentage ammonium sulphate saturation 
in the tubes range from 20% to 80% by 5% or 10% increments. 
Tube 12 was used as control. The protein precipitated in 
each tube was collected by centrifugation, dissolved in a 
known volume of water, dialysed overnight against running 
tap water and finally in distilled water. The enzyme 
activity and non dialysable N of each fraction were estimated. 
Fig. (8) shows the results of a typical experiment. Both 
total enzyme activity and total protein precipitated at the 
various percentage saturation with ammonium sulphate are 
expressed as percentages of the corresponding values obtained 
in the control tube (12). 
It is evident from the graph that more 
than 90% of the enzyme activity is precipitated between 40 
and 65% saturation with ammonium sulphate. In terms of 
protein N, this procedure results in a seven -fold concen- 
tration of the enzyme. 
J) Time - activity curve 
Experiments were conducted in which 
a partially purified enzyme preparation was incubated with 
0.0125 M phenolphthalein glucuronide at pH 6.1 for various 
times. The results of these experiments are shown in 
fig. (9). It is quite clear that under the conditions 
used for the assay of enzyme activity, the amount of hydrol- 
ysis caused during an hour's incubation may be taken as a 
measure of the maximum velocity of hydrolysis with the 
FI 
9 
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enzyme preparation and therefore as a measure of the enzyme 
activity. 
K) Enzyme concentration - activity curve 
Fig. (10) shows the effect of varying 
the concentration of the enzyme preparation on the amount 
of hydrolysis obtained when the enzyme was incubated for an 
hour with 0.0125 M phenolphthalein glucuronide at pH 6.1 in 
phosphate buffer. It is quite evident from the figure 
that under the conditions used the relationship between 
velocity of hydrolysis and enzyme concentration obeys the 
equation 
v = ke 
Where k = constant and e = enzyme concentration. 
L) The effect of dialysis on the enzyme activity of an 
aqueous cell free preparation 
If a dialysable component formed part 
of the enzyme system responsible for the breakdown of phenol - 
phthalein- ß-d- glucuronide, to give free phenolphthalein, the 
activity of the preparation should be reduced considerably 
if not lost entirely on dialysis. A known volume of an 
enzyme preparation was dialysed for 20 hours against running 
tap water. As control a quantity of the same enzyme 
preparation was placed in a stoppered glass vessel in the 
same container of water in which the dialysis sac was placed. 
At the end of the dialysis, the two enzyme fractions were 
estimated for their activity. The undialysed 
enzyme had 
an activity of 160 g/ml while the dialysed 
enzyme had an 
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activity of 112 
/ 
&g/ml. Only a small drop in activity (12Jj 
was observed in the dialysed enzyme preparation and it is 
quite reasonable to conclude that no easily dialysable moiety 
for,-,s part of the enzyme system responsible for the production 
of free phenolphthalein from its glucuronide. 
M) Is a heat stable component associated with the enzyme? 
If a heat stable molecule was associated 
with the enzyme, then the addition of a boiled aqueous enzyme 
preparation to an unboiled preparation of the enzyme might 
produce an effect on the observed enzyme activity. Three 
sets of incubation mixtures were made up. The first consist- 
ed of 
2.5 ml buffer 
0.5 ml unboiled enzyme preparation 
0.5 ml boiled enzyme preparation 
0.5 ml substrate solution 
In the second, the boiled enzyme preparation was replaced by 
water and in the third, the unboiled enzyme preparation was 
replaced by water. Appropriate enzyme controls were also 
set up. Almost identical hydrolyses were observed in sets 
(1) and 2) and no hydrolysis in set (3), showing that 
(a) boiling the enzyme solution had 
caused destruction of the enzyme. 
(b) if a heat stable component was 
associated with the enzyme activity 
it was already present in sufficient 
amounts in the enzyme rtlegartpczaxpreparation, 
or (c) if the second component was not 
present in optimum quantities it 
was heat labile. 
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TABLE (3) 
The effect of adding boiled aqueous cell free enzyme 
extract on the hydrolysis caused by the unboiled 
aqueous cell free extract 
i;ature of enzyme preparation 
..g phenolphthalein 
/liberated in hydrolysis 
tube 
Boiled + unboiled aqueous 
preparations of enzyme 
Boiled aqueous preparation 




N) The inhibitory effect of certain substances on the enzyme 
activity 
Since the enzyme was capable of 
decomposing phenolphthalein glucuronide, it was thought that 
the enzyme might bear some resemblance to animal p- glucuroni -- 
dase and consequently be inhibited by saccharic acid. The 
effect of saccharic acid and a few other substances were 
tested on the enzyme activity of a cell free aqueous prepar- 
ation. Saccharic acid was fou d to have a small inhibitory 
effect while the following substances had no effect 
at all. 
d- glucose (0.01 M), d- galactose (0.01 M), d- mannose 
(0.01 M), 
d- arabinose (0.01 M), 1- arabinose (0.01 M) 
d- ribose (0.01 M) 
d- xylose (0.01 M), glucurone (0.01 M), galacturonic 
acid 
(0.0015 M), mucic acid (0.01 M). 
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Saccharic acid has only a small 
inhibitory effect in a concentration which causes 100%v 
inhibition of mouse liver p- glucuronidase. It would appear 
that the enzyme being studied was different from animal 
p- glucuronidase. 
TABLE (4) 
Inhibition of enzyme activity by saccharic acid 





Ammonium sulphate precipitated 
fraction 0. 1 44 
Ammonium sulphate precipitated 
fraction 0.01 8 
Suspension of micro organisms 0.01 0 
0) Recovery of added phenolphthalein after incubation with 
whole organisms and cell free enzyme preparations 
r few experiments were done in which 
the percentage recoveries of phenolphthalein added to 
suspensions of micro- organisms causing hydrolysis of phenol- 
phthalein glucuronide or to cell free enzyme preparations 
were estimated. There was the possibility of the intact 
organism or enzyme preparations destroying phenolphthalein 
during the incubation. Results are shown in table (5). 
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TABLR (5) 




M g phenolphthalein 
recovered 





of micro -organisms 








The percentage recoveries obtained show that no destruction 
of free phenolphthalein occurs during the incubation. 
p) Substrate concentration - activity curve 
The effect of varying the substrate 
concentration on the amount of hydrolysis caused by an 
enzyme preparation was studied. A partially purified enzyme 
preparation was used. The results of a typical experiment 
are expressed raphically in figs. (11) and (12). 
In fig. (11) the activity observed has 
been plotted against log S - the substrate concentration. 
Inhibition by excess substrate occurs beyond a substrate 
concentration of 0.01 M while maximum activity is obtained 
with 0.001 M substrate concentration. 
For an enzyme which is inhibited by 
excess substrate, the velocity of the enzyme 
reaction is 
Pg. IL .
SUBSTRATE- OPTI MUM 
3o 
o 
SUBSTRATE - OPTIMUM. 
:2.J 40 60 
W5M) 
given by the equation:- (Lineweaver & Burk 1934). 




The reaction may be represented as follows:- 
In egri (1 ) 
^ E + S ES (active) 
ES + (N-1) S --I _. ESn (inactive) 
v = observed velocity 
V = maximum velocity 
S = substrate concentration 
Ks = dissociation constant of ES 
K2 = dissociation constant ES S n "/ 
ES 
Equation (1) may be written:- 
S Ks n 
+ 1 (S + S ) v 
Vmax Vmax K2 
(2) 
If 
v is plotted against S, then at low concentrations of S 
the graph is a straight line. From this part of the graph 
a value for ;lax and Ks may be obtained from the slope and 
intercept. 
S 
In fig. (12) v has been plotted 
against S and from the graph values for Ks and V have max 
been obtained 
Ks = 4.04 x 10'* M 
Vista = 50.5 
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An attempt was made to evaluate 'n'. It appears to have a 
value 2, but more experiments have to be carried out before 
a value of 2 can be assigned to 'n' with any certainty. 
DISCUSSION 
Although the subject of ruminant 
digestion has received considerable attention in the past 
and attempts have been made to follow the process of digestion 
occurring in the rumen, the presence of a large variety of 
micro -organisms present in the rumen has been a great handicap. 
As yet, no complete picture of the type of organisms present 
in the rumen is available. This may be due largely to the 
fact that the nature of the diet given to a sheep influences 
the type of organism present in the rumen. Different diets 
would thus give rise to different pictures of the types of 
organisms present in the rumen. An attempt to isolate the 
organisms in a pure culture and then study their metabolism 
in vitro in an effort to find out the role they play in 
ruminant digestion appears to be a well nigh impossible task_ 
at present. Some workers have therefore confined themselves 
to a microscopic study of r'u er contents with a view to 
gathering information about the micro- organismswhich act 
on 
cellulose and other large food particles. Others have 
concentrated their attention on identifying the end 
products 
of digestion absorbed from the rumen, and still others 
are 
concentrating their attention on studying the nature 
of 
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substances accumulating in the micro -organisms during the 
digestion of foodstuffs in the rumen. 
As a result of all this work, a 
somewhat incomplete picture of what happens in the rumen may 
be painted. Food entering the rumen is broken down by the 
micro- organisms into simpler substances. Part of the food 
is oxidised to provide energy for the growth and maintenance 
of the organisms. During this process, CO2 CH4 and volatile 
fatty acids are liberated. These fatty acids, acetic, 
propionic, butyric and others and also lactic acid are 
absorbed from the rumen and used by the animal. The rest 
of the food which is converted into starch -like cellular 
material in the micro -organisms becomes available to the 
animal as a result of the death of the micro -organisms in the 
rumen, or when the micro- organisms are broken down in the 
abomasum. Whether storage of polysaccharides in the micro- 
organism is a necessary intermediate step or not in ruminant 
nutrition is a point of much debate. 
Considerable attention has been paid 
to the nature of the end products of digestion appearing in 
the rumen. Very little work, if any, has been done on the 
initial stages of digestion. Tt was felt that a study of 
the hydrolytic enzymes present in the rumen might throw some 
light on the problem. Instead of studying the enzyme 
system 
from isolated pure cultures, it was thought it would 
be better 
to treat all the micro- organisms present as a single 
entity 
and study the hydrolytic enzymes present in it. 
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From the nature of the polysaccharides 
present in normal ruminant foodstuffs it was felt that a 
p- glucuronide decomposing enzyme would very likely be present 
in the rumen, and consequently a search was made for it. The 
use of a simple soluble molecule with the characteristic 
A- linkage is a great asset in preliminary studies of the enzyme. 
I;evertheless, studies with the normal substrates present in 
the foodstuffs have to be carried out with the enzyme once it 
has been fairly well characterized. In the preliminary 
studies reported, some of the 'characteristics of the enzyme 
have been established. Further points requiring immediate 
attention are:- 
1). Study of enzyme specificity with highly 
purified preparations. It should then be 
possible to give the enzyme a name. 
2). Complete identification of the fission 
products from phenolphthalein glucuronide. 
3). A study of its action on possible substrates 
in ruminant foodstuffs. 
4). Identification of the organism or organisms 
containing this enzyme. The histochemical 
methods fo r p -glucuronidase may be of some 
assistance in this connection. 
-° ork along these lines is in progress 
at the moment. 
The little evidence available would 
appear to suggest that the enzyme is 
different from animal 
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glucuronidase. It has a different pH optimum, 6.1 instead 
of 5.2 and 4.5. It is precipitated between 40-65% ammonium 
sulphate saturation while / -glucuronidase is completely 
precipitated between 30 -t+4% saturation and finally, while 
10-2M saccharic acid completely inhibits ß -glucuronidase 
activity it has only very slight inhibitory effect on this 
enzyme. 
In view of the fact that specificity 
tests have not been completed, the function of this enzyme 
in the rumen is one for speculation. It seems possible, 
however, that it enters into the breakdown of the polyuronides 
into simpler uronic acids to make them available to the animal 
either directly or via the micro -organisms. 
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S U M M A R Y 
1 ). A glucuronide decomposing enzyme has been found in 
the "medium" sized micro- organisms present in the 
rumen of the sheep. 
2). It does not appear to be present in the large protozoa. 
3). The enzyme activity does not depend on the organized 
activity of the cell as a whole and the enzyme appears 
to be a purely hydrolytic enzyme. 
4). A cell free enzyme preparation has been obtained from 
the active micro -organism by disintegrating the cells 
with Ballotini beads, and subsequent centrifugation 
at high speed to obtain a clear active supernatant. 
5). The pH optimum of such a preparation is 6.1. 
6). It is stable at a pH of 6.3 - 6.5 and is markedly 
destroyed below pH 5.0 or above pH 8.0. 
7). No dialysable component or heat stable co- enzyme 
appears to be involved in the enzyme reaction. 
8). The active enzyme protein is almost completely 
precipitated between 40 and 65% saturation with 
ammonium sulphate. 
9). The enzyme is only very slightly inhibited by 
saccharic acid. 
10). A value for Ks - the Michaelis Menten constant for 
the enzyme complex with phenolphthalein glucuronide 
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now of t ho relat iouship shown to exist between 
ß- glueuronidmtie activity of a t issue and its stato 
rowth (Levvy. Kerr & (atnph ll. 1948), it was 
sidered important to find a spooilir inhibitor for 
enymu u I t htL been sue;;est et I (Fishman, 1940), 
t,ut ;My dire' t evidence. that ß- glucuronidase 
ponsilde for the formation of glucuronides in 
bot ly. The use of :ut inhibitor for glucuronidase 
emit ing t his Itypot hesis forms an obvious first step 
arils ehtei:lating the physiological function of the 
A variety of substanet's have been examined for 
effect on the hy.Irolysis of phenylglucuronide 
by ß- glucuronidase. Of those which caused inhibition, 
by far the most effective was n- glucosaccharic acid, 
and this compound was examined for its action on 
glucuronide synthesis by liver slices and on growth 
processes in the mouse. 
EXPERIMENTS AND RESULTS 
Determination of ß- glucuronidaae. The hydrolysis of 
phenylglucuronide by mouse -liver or kidney glucuronidase 
preparations was measured by the procedure of Kerr, 
Graham & Levvy (1948). In testing substances for a possible 
inhibitory action on the enzyme, incubation mixtures were 
made up as follows: 0.4 ml. enzyme preparation, 0-2 ml. 






of inhibitor Inhibition Enzyme 
t 'otnpoun i (10-'31) (µg,) (µg.) ( %) preparation 
Saccharic acid 150 32.1 3.3 90 Liver 
150 25.4 4.2 84 PP 
150 17-1 3.2 81 ft 
50 39-1 8.0 80 ft 
s0 32.7 6-5 80 
50 27.0 6.5 76 
50 25.5 7.9 69 PP 
50 21.2 3.2 85 I, 
50 16.5 5.8 65 
50 20-5 4.6 78 Liver A 
50 22.8 3.4 85 Liver B 
50 2.2.5 0-5 98 Crude liver 
:,0 11.8 3.8 68 Kidney 
so 21-2 6.5 70 
so 17-0 5.7 67 Crude kidney 
11uedo acid 73 30.2 23-6 22 Liver 
D- GlwYmic acid 150 37.4 28.8 23 
n- Ulucurone :300 40.0 0 100 PP 
130 35.3 12-1 66 Pt 
38 55.2 32.4 41 
10 55.2 45.2 18 
3.3 35-2 31 '2 7 
s, -Halle acidt 150 2:3.7 14.9 37 
















Vanillin¡ 7.5 39.4 28.8 27 ,. 
' Interferes in coheir reaction for phenol. Results are corrected for interference. 
t 'The naturally occurring isomer, commonly called laevorotatory malic acid. 
$ Gives colour with phenol reagent, Results are corrected for this colour. 
600 M. C. KARUNAIRATNAM AND G. A. LEVVY 
0 1 M- citrate buffer, 0.1 ml. 0.12 e- phenylglucuronide, 0 -1 nil. 
inhibitor solution. In controls, water was substituted for the 
inhibitor solution. Buffer, substrate and inhibitor solutions 
were, as a rule, adjusted to pH 5.2 (glass electrode). In 
experiments in which the two glucuronidase fractions in 
mouse liver were separated (Kerr, Campbell & Lovvy, 1949; 
Mills, 1948), however, hydrolysis with fraction -d was carried 
out at pH 4.5 instead of 5.2. Occasionally, preliminary 
purification of the enzyme was omitted, and the crude liver 
or kidney homogenate was used for hydrolysis. Results are 
expressed as µg. of phenol liberated in 1 hr.:at 37 
Measurement of glucuronide.. / th,sis. The ctnlju,atioii of 
o- aminophenol with glucuronic acid was 6 Iltttwe l by the 
method of Levvy & Storey (1949). After removal of protein 
with a mixture of trichloroacetic acid and phosphate butler, 
the glucuronide was diazotized and coupled with naph- 
thylethylenediamine. At the pH selected for colour develop- 
ment, free o- aminophenol in comparatively large amounts 
did not interfere. To measure the synthetic activity of 















a fall in the activity of the enzyme are listed ¿)cousit 
Table 1. The most effective was u- glucosacch ' s wt 
acid, and Fig. 1 shows the percentage inhibit' tauil 
produced by varying e tneent rat ions of titis CO r cor 
pound in three experiment: twit h 1iverglucttronid poutu 
It can be seen that 59 0 Nvas obtained wi 'c ucit 
2 x 111 -4 Mt- saccharate, anti practically complete i n orb 
hibition with less than 10 -3 at (substrate content etlict 
tion 0015 at). From results given in Table 1, tige 
appears that t he hiliiltit .ny action ofsaccharatewtltestin 
independent of t he I', d l owing factors: the source 'liken,' 
the cnzynu, the owl i\Ity ..f the preparation. t late 
glucuronidase fraction present. and the degree had i 
parity of tito preparation. 1 
Of other compounds listed in Table I, three wer". "I' 
closely related to saehaaie acid (mueie. gluconi arfi,ly.,1., 
glucuronic acitl-i), loft were much less efficient sent" 




1 1 l l l I 
0-01 o-1 1 2 3 45 10 
Saccharate concentration (10"M) 
Fig. 1. Effect of varying concentrations of saccharic arid on the hydrolysis of phenylglucuronide (0.015x) 
by mouse -liver glucuronidase (results for three separate experiments shown by O. and x ). 
100 
carbonate Ringer solution, containing 0.02 gin- lactate, 
0.001x- ascorbic acid and 0.0025% o- aminophenol, at 37' 
for 1 hr. in an atmosphere of 5% CO2 in 01. Results are 
expressed as pg. o- aminophenol conjugated /g. dry wt. of 
tissue in 1 hr. 
Inhibition of ß- glucuronidaee in vitro 
Nearly fifty substances were examined for their 










aplt t t 
(n- ghteurone) interfered in the determination of ,ipi 
phenol liberated from phenylglucuronide. In thtml. 
absence of phenol. glucuronic acid was without effi 
on the Folio- C'irtealteu reagent, but in the presence 
phenol it apparently gave the colour reaction. T 
effect was independent of the phenol concentratio 
The figures shown in Table 1 for the inhibitory acti 
of glucuronic acid on gluctironidase have 
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sted pconsielorcd reliable. Correction of the hydrolysis 
ecliat7;ta:s was also necessary in the case of phlorrhizin 
tibitiolvanillin which gave the colour reaction tlirectl. 
s tour correction, the results suggested that both 
nid pounds slightly inhibited ß- gl11curouaidase. t.- 
edw c acid in high concentration had an inhibitory 
lete i n on the enzyme which cot irely accounted for 
centraeffcts prod! teciI by the racenric acid. A cout- 
o I. iv ice .t R, ly of t I.. tartaric acids might provide 
ite «an,tiu: iraforrii ttiott regarding configurational 
tame tairenients fur glucuronidase inhibition. Un- 
III. t unately, only L- tartaric acid' was available, and 
4ree had no effect on the enzyme (see below). 
,t, w following substances luul no apparent effect on the 
Ric aurolyxi, of phenylglucuronide by )3.glucuronidase in the 
ient etutratiuns shown: ß-phutyl- u- glucoside (0.015 st), 
.ahyl- oglucusidc (0.015 st), x- methyl- u- mannoside 
""103U), ii- met hyl- u- glucoluptoside (0.003sí), ß- methyl -u- 
bide (oIN13st), 2 methyl- u- galactoside (0.003x7), gum 
o I . '' t. degraded egg -plum gum (0.05 ° /(,), pyromucic 
I:,cr), sorbic acid (0.02m), oxalic acid (0.015sí), 
.- o (0.015u), succinic acid (0- 015m), glutaric acid 
.. si), tnaloie acid (II. 015x). t.- tartaric acid (0.01530, 
acid i l l 1115 M), oua )lain (0-0015 sl ), digitonin (0.0015 la), 
p<:au, .0 o15st), pheaylunthautt (0. il5xt), nitroso ti- 
Vlureth.o, (111115m). heparin (0.0 Toronto units /nil.), 
gIvridim ill IM..ISst), insit01 (0ul5M), piperonal 
.3sí), 'i.1u.xyI alcohol (0-01511 ), XX-di-(2-chloro- 
.1)- aniline (nn2u), 2'- methyl- 4- dimethylantinostilbenc 
n). \aF(0-015NII. \a=.Wa (0-03M). 
following lanunL+ gave colours with the phenol 
t, but, when correction waa made for this, they wen 
ntly without effect on ß.glucur,nidate in the con - 
tins shown: salicin (II-015u), thiourea (0-1H115M), 
u t.INa1 NI ). ascorbic acid (I.I- INN175si), txstrone 
'et'. t olchicine 10.0 N)11a). 
t.Iluwnmg compounds interfered too badly in the 
- reaction to be tested with 1.3-glucuronidase: sodium 
hrv,m.uurt.,phenone, phettyhtrt.noxide, et hyl cyan"- 
..: il.tne. I :!alit hiul. 
irft. ac/inn of xacclatric acid on ß- glw- uronid ie 
nt its similarity in structure to glucuronie arid, 
old expect ru ceharic acid to act e, m7pet it ively 
hit u. LrIu.iirni(111..4% That t inhibition was 
hl ...s., .htncn by precipitating the av,r.ynte 
,:t with c)(111111 vhuane 
) at111'.1t,77 I \II _r-I)..l11tion.Afteroneprecipita- 
t h, a,t n it y tt :c- 7n' o oft hat shown by a control 
plc ,,f t ,n/.vane. After dissolving in water and 
ion otmei ¡at.aants , the activity was as great aas in the 







e normal substrate- activity curve for the 
alysis of phenylgltuuronide by mouse-liver 
uronidatsu has been .studied by Kerr ,! nl. (1948: 
also Derr e1. al. 19.19). An approximate value 
0035 m was obtained for K,,,. the el ncentration 
'The naturally occurring isomer. commonly called 
ttrorotatory tartaric acid. 
giving half the maximum velocity of hydrolysis. The 
maximum was usually reached with 0.015m -sub- 
strate. Inhibition by excess substrate was pro- 
nounced. 
Fig. 2 shows the effect of increasing the concentra- 
tion of phenylglucuronide on its initial rate of 
hydrolysis in presence of 2 x 10-4m- saccharate. 
Results are expressed in terms of the relative activity, 
where hydrolysis of 0.015.- phenylglucuronide in 
absence of inhibitor is taken as unity. The points 
show averages for two representative experiments, 
one with liver glucuronidase fraction A and the other 
with fraction B. There was no appreciable difference 












o 00025 0-005 0-01 0-02 004 0-08 
Phenylglucuronide concentration (n) 
Fig. 2. Effect of varying concentrations of phenylglucuronide 
on its hydrolysis by mouse -liver glucuronidase in presence 
of '? x 10-' m- saccharate (0-0). Results expressed as 
fractions of the maximum activity observed in absence 
of inhibitor. Substrate -activity curve in absence of 
inhibitor (Kerr el al. 1948) shown by broken line. 
saccharate acted competitively since the effect de- 
creased with increasing substrate concentration till 
as uusxt- pltettylglucuronide the activity of the 
enzyme was fully restored. 
Fri ant Figs. 1 and 2, it can be seen that, in presence 
of a saccharate concentration [I] of 2 x 10-4m, half 
the maxinnun enzyme activity was reached with 
a substrate concentration of 0.015m. The latter figure 
can be designated Km, and K the dissociation 
constant of the enzyme -inhibitor complex, can be 
calculated from the equation K1 = [I]. Km /(Km - Km) 
(I.ineweaver & Burk, 1934). Using the value for Km 
_i c cn I,y Kerr rt al. (1948), K, = 6 x 10-5m. It should 
I a, Si Ft '..a t I t hat , presumably owing to the presence of 
inl ¡,urines, hm can vary from enzyme preparation 
to preparation by as much as 50 % in absence 
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of added inhibitor. This is associated with 
variations in the substrate concentrations at which 
maximum activity is reached and inhibition by 
excess substrate becomes marked. The value for K; 
is not materially altered since Is; varies with Km. 
Attempts to determine Ki by the method of Hunter 
& Downs (1945), in which knowledge of K,,, is not 
required, were unsuccessful. 
The effect of saccharic acid on g1,eur:cid.' 
synthesis by mou.se -lier r slices 
Table 2 shows the effect of saccharic acid in 
varying concentration on the formation of 0- atmino- 
phenylglucuronide by mouse -liver slices. Each figure 
is an average for a determination done in 'Viii irtt- 
plicate, as recommended by Levvy \ Storey (19491. 
These authors found the standard deviat itte of a 
single observation from the mean to inflow nt t 17 
Table 2. -Action of dicarboxylic acids on 
glucuronide synthesis by mouse -lit, r ,lice, 
o- Amino- 
phenol con- Difference 
jugated¡g. from 
Concentration dry wt. control 
(10 -33) (sg.) ("o) 
1 Control - 210 





























































in their procedure. The standard error for a figure 
based on four results is thus 10%. Differences in 
synthetic activity between saccharate- treated slices 
and control slices from the same animal approached 
significance in only one experiment (no. 6). Taking 
the results as a whole, however, synthesis in presence 
of saccharate tended to be slightly less than in its 
absence. This effect was non -specific since it was also 
seen in experiments with succinic and maleic acids. 
These acids have no action on ß- glucuronidase (see 
p. 601). All three dicarboxylic acids studied were 
ad(lttl ¿LS solutions brought to neutrality wit 
potassium hydroxide (glass electrodo). 
Experiments were done to show that sacchat 
ce acid can inhibit Itdrolyais of o- 11.1uiuuphetl3 
bu glucuroni l by f- glucnrunicfasc. Tito final substrtt 
conceit rut ¡I'll WAS at f iit1'arily I i \. 1 at 0.13'? and íi81' 
pH. at 4.5 (citrate buffer). After 2 lu. ineniiltiill 'Ynt 
38' \Viti'tueuse- liter glucurouidase, 11 "t, hydreltfuui' 
of the glucuror'ido was observed in abseticc " il 
sacelovate. In presence id' I 0- 3 vt- sateeharate, flu t l 
Itydntl\sts tous u7 ",,. When the experiment 
reprate.l with ad it it ber enzyme prepuratiun, tI un it 
hydt.(lysis in tI)sence ufs,e ibrlrate was 17 %unit rt . 




Attempts wort- 'made tu show inhibition Tical 
3- gluctiruuid:tsc in I he intact cell by sacelituic ucset'\ 
in the first experintent, !House -lier slices of ke rte 
weight from two ultinials were sliltkeu in sulph x111 
free bicarbonate Ringer solution i» mit:Liniltg 0.0 I tt 
saccharate for 9íi ntiti. at :17 . .At the curl of art. 
perils', the sli''.s tt.re ritn..ved, trashed in thllZtlC 
chang,sofdist ill . i tuater, and homogenized. Inactie l protein was precipitated by incub ;uiou of tir hint 
genato tier 30 min. at pl i . 2. \1-it haut Furth'" h` 
purification, the silpernat:uu wits examined flier 
ß- glueuronitlase activity. 'lie iu tivity in terms p'ttt 
µg. phenol liberated at :17 in 1 ht.. by 1 g. liver tri in 
220, compared «-itli 334 fur c.nurol slices from ttiit 
dune two animals p11t t u r. wgh the procedure 4"n' 
absence of saccharate. Unless saccharate 
strongly adsorbed on tli' surface of tic slices1F11)4 c ' 
would uplx:tr t hat an apprcci.l hl, :un. nuit penetrate "ha 
the cells. Un the iissuniption tit :u the sacchuratwti 
coneentrati.ni uittiti the slices r:e to t)Olm. th 
inhibition ex ¡Mcted u :t.: ut. the .,r. I.1- of 75%. 
In other exptriliietits, t he enzyme prtparatiun : 
theincuba'nunmixti 1 u ' lit: tb. a., ty ifblucurut{ lut. 
clltse 1utivity W:1.-t r.pl :íe..1 by ni ti-.ttver slices Ito 
known weight. The results bad lit t le gttatttitutiiturt 
value as the 'enzyme blank' was variable and big, ,t1 
but they suggested that surate hydrolysis of phew ¡n 
glucuronide took place and that this process wttuv, 
strongly inhibited by 0.015u- saccharute d gl 
the 
7'lue effect of Saccharate on the oxygen uptake ancithe 
anaerobic glycol !mix of mouse -liver slices led 
The 
Saccharate in a concentration of 0.014:rí had fixa' 
effect eit heron t lie oxygen uptake or on the antler() 
glycolysis of mouse- liver slices as measured in tic 
\\arburg apparatus. Tho Ringer solutions of K 
& Henseleit (193.2) were used, the 02 cottsumptittlnil 
being determined in phosphate Ringer and an at! it s 
sphere of 02, and the CO2, output in bicarbun cur 
' Ringer und an atmosphere of 5 " CO, in NI. -par 
Pt to 'ration of saccharic acid into the cell 
IS 44 
Y wit 
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The action of saccharic acid on growth 
processes in the mouse 
cchae 
hens 
I) nanny i 
compound 





arid t spomsible for the increase in t he art kit y uI tho 
ttion;lynte normally observed i,r etc , tch'-u a tissue is 
lrohtnuLtteti to rapid gr,, tlt. 1f, however, glueuroni- 
Incr 
l. t cz:semti;tl hart at some stage in the 
te, tlnell, 
l'r,"''ss, adlnit,l,t ration of an inhibitor might 
tit w.'1ííí tIle process :tt t hut stage. This possibility was 
u, t. 'ti ' ,l with saccharic acid. 11'hen large doses 
uncl rc ;i.1 ministered to juice, saccharic acid was 
parently without effect on liver regeneration 
lowing damage tun' on growth in infant juice. 
I! 
1ure.s for gltaurunidase activity, the weights of 
glt erg+mts or of the whale animal, and the histo- 
i1)1í Beat picture were invariably identical with those 
is atiery ed in appropriate controls. It should be 
l:n teed out that during the preparation of the 
Iph me for assay it would be freed from any saccharic 
0.0 I which might have been present in the original 
of tfrue. 
tlutiaccharic acid given at frequent intervals by sub - 
naetiatt "us injection of neutralized solutions of the 
hoitt:a.sitn hydrogen salt in doses totalling up to 
forth`. kg daily for eriods up to s days had no action 
ud fliver repair after ,uItminist rat iutt of ('(1g or partial 
,tits patectonty (Ltv' ' , t u!. 1948). It failed to modify 
her we increase in uterine weight and glucuronidase 
out titivity observe, l in ovariectet mired mice during liver 
lure generation (Kerr et. (d. 1949). In infant mice, 
peritoneal injection of 2 g. saccharic acid /kg. 
v or the ruldition of 3 "e potassium hydrogen 
hurate to the solid diet haul no effect on normal 
ices, 
Ara 
hatat`t-tli after as long as 3 weeks. 
m. ti 
41t. mpled synthesis of o -um inophenyl- 
dion i ylurnronide by ß- glucuronidaec 
curo9orkin, ('rismer, 1>uchateau & Houet (1942) claim 
[ices.' hove demonstrated conjugation of borneol 
itatiutirated solution) with glucuronic acid (0.01m) in 
1 hig1 nee of ox- spleen glucuronidase. At the end of 
'hen), incubation period. fur gltictironic acid was 
ss wnoírtl with copjiersulphateand calcium hydroxide 
d glucuronic acid in combination was estimated 
the'l'c rllens colour reaction. Only a small fraction 
a,l the total glucuronic acid present was in the coun- 
t 
!jet! form, even after incubation for several days. 
The use of o- aminopitenol as the aglycone in 
had inonstrating glucuronide synthesis ( Levvy & 
iero 1949) has the ail eujtagc that. in the final 
to tion traces of the conjugate give a pink colour 
ich is mover seen in controls. No furination of 
nptiStttinophemylghuuronitte was detected in experi- 
att tits in which t he free phenol was incubated with 
bu corunie acid in the preen,( (If concentrated 
. partitions of !flutist. liver gluctlroniehse. 
D- Glucurone was present in final concentrations varying 
from 0.4 to 0.0125m in 0.05aí- citrate buffer at pH 5.2, or 
0.05u- phosphate buffer at pH 7.4, containing 0.0025% 
o- aminophenol, 0.001m-ascorbic acid, and the enzyme. The 
mixture was shaken for periods of 2 and 22 hr. at 37 °. In the 
longer -term experiments, the incubation flasks were filled 
with N, to prevent oxidation of the free phenol. 
When liver slices were replaced in the procedure 
of Levvy & Storey (1949) by crude liver homogenate, 
no glucuronide synthesis was detected. 
DISCUSSION 
Considerable difficulties were encountered in deter - 
tmining K1 , the dissociation constant for the inhibitor - 
enzyme complex, in the case of saccharic acid and 
ß- glucuronidase, but it is considered that the value 
of 6 x 10 -6iíí finally arrived at is at least as reliable 
as values quoted for Km, the dissociation constant 
of the substrate- enzyme complex, in the hydrolysis 
of biosynthetic glucuronides by glucuronidase. 
Figures available for Km are as follows: phenyl - 
glucuronide, 0.0035M (Kerr et al. 1948); bornyl- 
glucuronide, 0.012, methylglucuronide, 0.0042, 
and oestriolglucuronide, 0.0005ní (Fishman, 1939); 
plienolplithaleinglucuronide, 0.000052 (Talalay, 
Fishman & Huggins, 1946). Saccharic acid has a 
higher affinity for glucuronidase than all except one 
of these glucuronides. Changing the carboxyl at Co) 
in saccharic acid to a primary to give 
glucosic acid, or changing the configuration to give 
mueic acid, resulted in considerable diminution of 
the inhibitory power. The effect of glucuronic acid 
on the hydrolysis of phenylglucuronide by the 
enzyme may have been inhibition in the usual sense 
or a mass action effect. Hydrolysis of a glucuronide 
by glucuronidase is known to result in formation of 
free glucuronic acid (Levvy, 1948). 
The failure of saccharic acid in large doses to 
modify liver regeneration after damage, or growth 
in infant mice may indicate that the enzyme is not 
directly concerned in cell division, but the results are 
capable of explanation in other ways. Saccharic acid 
may be too rapidly metabolized or excreted to pro- 
duce any perceptible changes in vivo. Alternatively, 
normal cell division may involve hydrolysis of a 
naturally occurring glucuronide with a much greater 
affinity for the enzyme than that of saccharic acid. 
Experiments designed to exclude the possibility that 
saccharic acid does not penetrate the intact cell were 
unsat isfactory on technical grounds, but the results, 
ti a \i I att they- were worth, suggested that penetration 
d i, I occur. Preliminary results obtained by Dr J. G. 
(';unpbell (private communication) suggest that 
saccharic acid considerably retards hydrolysis of the 
glucuronide of ' 1- ortho- hydroxyphenylazo -2 -naph- 
thol' by frozen mouse kidney sections in the histo- 
chemical test of Friedenwald & Becker (1948). 
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As a result of the work of Levvy et al. (1948), it is 
no longer necessary to postulate a synthetic role for 
ß- glucuronidase in the body (Fishman, 1940) in order 
to explain the changes in the activity of the enzyme 
which can be produced in various organs. The view 
that ß- glucuronidase is not involved in glucuronide 
synthesis (Levvy, 1948) receives support from the 
failure of saccharic acid to influence formation of 
o- aminophenylglucuronide by mouse -liver slices, and 
of ß- glucuronidase preparations to effect condensa- 
tion of glucuronic acid with o- aminophenol. 
Certain sex hormones are known to be excreted as 
glucuronides. The effect of administering saccharic 
acid on the metabolism of these compounds might 
repay investigation. 
SUivlIIARY 
1. Hydrolysis of phenylglucuronide by ß- glucuro- 
nidase was strongly inhibited by saccharic acid. 
Closely related compounds were much less effective. 
194? 
Inhibition by saccharic acid was competitive, ark 
a value of 6 x 10-5m was obtained for K; , the dis 
sociation constant of the enzyme -inhibitor complex 
2. Saccharic acid had no marked effect of 
synthesis of o- aminophenylglucuronide by mouse 
liver slices. 
3. Administration of large doses of saccharic acic 
to mice did not influence liver regeneration after 
damage or growth in infant animals. 
4. N., eeuijligation of o- aminophenol with glucu 
rouie acid was observed after incubation in tin 
presence of ß- glucururri lase. 
The authors are indebted to the following for the suppl; 
of substances for test as possible inhibitors of glucuronidase 
Prof. E. L. Hirst, F.R.S., Prof. G. A. R. lion, F.It.8 
Dr E. ( ;, V. Percival and Dr J. Madinaveitia. Thanks are all 
due t.. Miss I.. NI. H. Kerr for assistance with certain of th 
animal experiments, tu Dr J. G. Campbell for histulugia 
examination of organs and t.. Mr Ir. Luce fur technics 
assistance. 
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e ßglucuncnidase activity of mouse liver, kidney 
uterus has been shown to reflect the state of pro - 
Tation of the tissue ( Levvy, Kerr & Campbell, 
IS; Kerr, Campbell & Levvy, 1949a). It would 
pear that fl-glucuronidase is distinct from the 
tyine system responsible for the production of 
Zjugate I glucuronides in the body. The work of 
;schiti. ,h Ilueding (1939) suggests that this 
:Tess is uucre complex than a simple condensation 
the agi r.'ne with free glucuronic acid, and that it 
ies place in liver and kidney only. ß- Glucuroni- 
se, on t lie of her hand, is present to a greater or less 
tent in printically all animal tissues that have so 
Ibeen examined (see, for example, Oshima, 1934). 
krunairatntun & Levvy (1949) found that glu- 
mnitle synthesis by adult mouse -liver slices was 
t appreciably impaired by saccharic acid in con- 
/it Present address of all three authors: The Rowett 
arch Institute, Bucksburn,Aberdeenshire. 
centrations which caused almost complete inhibition 
of ß- glucuronidase. 
The ability of various mouse tissues to synthesize 
glucuronides has been studied and compared with 
their glucuronidase activity under conditions leading 
to changes in the latter. 
EXPERIMENTAL 
Measurement of glucuronide synthesis. The conversion of 
o- aminophenol to its glucuronide in sulphate -free bicarbon- 
ate Ringer solution was followed by the method of Levvy & 
Storey (1949). Except in the case of lung, the tissue was 
sliced, and an amount corresponding to not less than 10 mg. 
dry weight was taken for each estimation. If necessary, 
slices from more than one animal were pooled. Whenever 
possible, the estimation was done in quadruplicate in order 
to reduce the variable error in the procedure (see Levvy & 
Storey, 1949). In the case of lung, the intact lobes were used. 
Boyland & McDonald (1948) have shown that this is per- 
missible for measurements of metabolism in lung from young 
adult mice. 
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Results are expressed in the tables as µg. o- aminophenol 
conjugated /g. dry weight of tissue in 1 hr. Both male and 
female mice were studied, but sex did not have any apparent 
effect on values for glucuronide synthesis, and it is therefore 
not usually shown in the tables. 
Glucuronidase activity. The activity of this enzyme in 
tissue extracts was determined by the method of Kerr, 
Graham & Levvy (1948), and results are shown in terms of 
glucuronidase units (o.u.) /g. moist tissue, where 1 o.u. 
liberates 1µg. phenol in 1 hr. from 0.015ví- phenylglucu- 
ronide at 37° and pH 5.2. In the case of tissues in which the 
kinetics of hydrolysis of phenylglucuronide by the enzyme 
have not vet been studied, it was assumed that optimal 
conditions for hydrolysis resemble those found for liver, 
spleen and kidney (Kerr et al. 1948; Kerr et al. 1949e). 
RESULTS 
Comparison of glucuranide synthesis and glucu- 
ronidase activity in various tissues. Table 1 shows the 
glucuronide- synthesizing power of liver, kidney, 
spleen and lung in young and adult mice, and of two 
Table 1. The glucuronide- synthesizing power and 
fi- glucuronidase activity of various mouse tissues 
(When the mean is based on values for individual animals 
the standard error of the mean for the group is also shown. 





Age of (a.g./g. dry moist weight 
Tissue animal weight) (a.u.) 
Liver Adult 570 ±43 (41) 273± 13 (23)* 
Kidney Adult 150± 1.4 (4) 363 ±24 (11)* 
9 days 30 (4) 
5 days - 793 (4)* 
Lung Adult Nil (2) 185 ±19 (3) 
9 days Nil (3) 316 ±22 (3) 
Spleen Adult Nil (3) 636 ±70 (23)* 
9 days Nil (4) 
5 days - 3245 (4)* 
Sarcoma Adult Nil (2) 433 ±44 (6) 
(Crocker 
180) 





* Quoted from Levvy et al. 1948. 
transplantable mouse tumours. In agreement with 
Lipschitz & Bueding (1939), the synthetic system was 
found only in liver and kidney, the latter being much 
the less active of the two tissues. The ability of 
kidney slices to synthesize glucuronides was con- 
siderably less in young mice than in adults. This was 
also true for liver, and Fig. 1 shows the development 
of the synthetic system in the liver of the growing 
mouse. 
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Also shown in Table 1 are figures for the gluon t1gt `" 
ronidase activity of the various tissues, some quote!''t'1(1 
from earlier work from this Department, and other 111g1í 
especially determined for present purposes. TÑi't'c'st 
distribution of this enzyme obviously bears no reline rola 
tion to that of the synthetic system. The hig14P1'a41l 
glucuronidase activity of organs from young miihe glu 
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Fig. I. The development of the glucuronide-synthesizin; t I 
system, as measured by the conjugation of o- aminclutur 
phenol, in the liver of the growing mouse (own mixeflueal 
colony). 
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colony, February 1949. 
noted for liver, kidney, spleen and uterus ( l.ev 
et al. 19.8; Kerr et al. 1949a), is also seen in I 
The change in liver glucuronidase activity has not eflit 
been fully stud ietI from birth until maturity, and thidase 
results are shown in Fig. 2. This graph was compilelions a 
from results collected over a considerable period 'y, I 
time with four different strains of mice. The glue he e.J 
ronidase activity of the young mice at a given ajOninoi. 
was remarkably constant for the different strainitpoun 
and average figures for adults of different stra de-s3 
were indistinguishable from each other. for 
p1 
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,Iucta agreement with the observations of Fishman & 
uotéytut ( 1 947 ) on human tissues, both mouse tumours 
,thee high itt glucuronidase activity when compared 
T) most normal adult tissues. 
, rolihe role of glucuronidase in glucuronide synthesis. 
Lighh possibility had to be considered that the activity 
micho glucuronido- synthesizing system in the liver 
Cads not vary with age, but that the hydrolytic 
nity of /3- ¢lurur,nidase at any given age deter - 
-tes the net :ow mitt of synthesis which can be 
vowed (compare Figs. 1 and 2). It has already 
n show±± (Karunairatnam & Levvy, 1949) that 
slutrate in a concentration of 10 -2m causes 
lost complete inhibition of glucuronidase in liver 
:Riney extracts, but has no appreciable effect on 
mini/tide synthesis by adult mouse-liver slices. 
many .if the txperi I iunts summarized it) Table 1, 
Rimini detcruunatuats of glucuronide synthesis 
-c matte in presence of 10- eat- saccharate. This 
stance caused no increase in the synthetic power 
nfautt liver or adult kidney, nor did its presence 
1 to glucuronide synthesis by lung, spleen or 
44 lour slices. Failure of saecharate to penetrate the 
wouhI :Ippeau- to be excluded, since Campbell & 
siring ` t 1949) have fomul that it, inhibits hydrolysis 
nünelucurttnides by mouse kidney- in the two histo- 
nixernical tests of Friedenwald & Becker (1948). It 
n.. t I .nGtm, that the glucuronidase activity of 
sue has no bearing on its ability to synthesize 
linmides. 
'he effect of various measures on the glucuronide- 
thesizing system in vivo. Various measures leading 
twinges in the state of proliferation of mouse liver 
examined for their action on the glucuronide- 
I n . i zing system. The results are shown in Table 2, 
it can be seen that in no instance was there a 
±table change in the activity of the synthetic 
e111. Under similar conditions, a rise in glocu- 
ul;lse art ivit y to two or three times the normal 
1e was .en after partial heptttectomy, or in- 
t4 i. at of loom Ind, carbon tetrachloride or oestrone 
vvy 1 al. 101s: Kerr el al. 1949e). Colchicine in 
dose .h.nyn calIscs no change in the normal 
c'urontthls, activity of liver, but it does prevent 
trial 
se in activity which follows such measures as 
'inn hepatectomy. In the smaller dose, sorbic 
1 lick1t es like colchicine, but the larger dose 
v t ti IL'. ks;. i eau. 's a profound depression in liver 
l:i.ltny Lloeauonidase activity in normal mice. 
nos, e1h''t.s ttf rttlrhieine and sorbic acid on glucu- 
Ithidase activity appear to be related to their 
)iloions as inhibitors of mitosis (Kerr, Campbell & 
Id -y, 1949b). 
uc he effect of various compounds on the synthesis of 
ageninophenylglueauzonide in vitro. Four of the 
uittslpounds exatoinctl for their action on the glucu- 
ai .d0 -synt he.I Lin L' svac'tn in rilo were tested in 
for their effect on the conversion of o- antino- 
Lge 
phenol (0.00023m) to its glucuronide by surviving 
liver slices from normal mice (Table 3). The fifth 
compound listed in Table 2, oestrone, was too 
sparingly soluble in water to permit its study in the 
present experiments. 
Table 2. The effect of various measures on the glucu- 
ronide- synthesizing system in mouse liver 
(When the mean is based on values for individual animals 
the standard error of the mean for the group is also shown. 













570 ±43 (41) 
(- )- Menthol, intra- 0.33 1 560 ±40 (3) 
peritoneally in olive 3 640 (2) 
oil 6 650 (2) 
Carbon tetrachloride, 5.33 1 560 ±170 (3) 
subcutaneously in 3 640 ±200 (3) 
olive oil 7 640±150 (3) 
Partial hepatectomy - 3 670± 60 (6) 
7 650 ±50 (6) 
10 610±80 (6) 
Oestrone, subcutan- 0.0017 4 580 ±70 (3) 
eously in olive oil 
(ovariectomized mice) 
Colchicine, subcutan- 0.0015 1 450 ±80 (6) 
eously in aqueous 
solution 
Sorbic acid, subcutan- 0-24 4 440±70 (12) 
eously in aqueous 0-16 4 540 ±120 (6) 
solution 
Table 3. The effect of various compounds 
synthesis of o- aminophenylglucuronide by 
liver slices o- Aminophenol 










Compound (nt) controls compound ( %) 
Sorbic 0.01 380 50 87 
acid 0-01 970 370 62 
0-005 970 500 49 
Colchicine 0.01 380 140 63 
0.01 530 190 64 
0.005 530 270 49 
Carbon 0.0015 490 520 -6 
tetrachloride 0.0015 660 520 21 
( - )- Menthol 0.001 450 120 73 
Colchicine, sorbic acid and menthol were added as 
aqueous solutions (if necessary, after pH adjustment) 
during the preparation of the bicarbonate Ringer solution. 
In the case of CC14, the Ringer solution was made saturated 
with the compound. In all experiments, controls were done 
with untreated slices from the same animal. Each deter- 
mination was done in quadruplicate, and the standard 
error of the mean is thus about 10% (Levvy & Storey, 
1949). 
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As can be seen from Table 3, in the presence of 
colchicine, sorbic acid or menthol there was a drop in 
the conversion of o- aminophenol to its glucuronide 
which was outside the range of error. Inhibition was 
almost 50 % with 0.00531- colchicine or sorbic acid, 
and 73 % with 0.00131- menthol. Carbon tetra- 
chloride had no appreciable effect in the highest 
concentration possible (0.001531). None of the four 
compounds in question interfered in the colour re- 
action for o- atninophenylglucuronicle. 
DISCUSSION 
From the results of the experiments described above, 
it seems clear that there are at least two distinct 
enzyme systems in the mouse concerned with the 
metabolism of the conjugated glucuronides. One of 
these, ß- glucuronidase, is present in practically every 
tissue, and its action is probably entirely hydrolytic. 
The activity of this enzyme in a tissue varies with the 
degree of cell division in progress. The other enzyme 
system is responsible for the synthesis of glucu- 
ronides, and is probably complex. It has so far been 
found only in liver and, to a smaller extent, kidney. 
The activity of this enzyme system in liver is not 
altered by measures causing changes in the state of 
proliferation of the tissue. The ability of liver or 
kidney to synthesize glucuronides does, however, 
vary with the age of the animal. At birth, the activity 
of the synthetic. system is small or nil, and it only 
reaches its ultimate value when the animals are 
4 or 5 weeks old. Taken together, the two enzyme 
systems may provide a mechanism for regulating the 
transport, action and excretion of physiologically 
active, glucuronidogenic compounds, such as 
oestriol. Alternatively, their function may be to 
provide free glucuronic acid or a transformation 
product for building up into more complex mol 
cules. 
Since menthol is known to form a glucuronide 
the presence of surviving liver slices (Lipschitz 
Bueding, 1939), its depressant action on the ay 
thesis of o- aminophenylglucuronido in vitro is pro 
ably the result of competition with o- antinophen 
rather than genuine inhibition of the synthet 
mechanism. The inhibitory actions of sorbic acid ai G1uci 
colchicine on glucuronide synthesis in vitro a (L` 
difficult to interin .t at present. The overall sy1 view thetic process is lutun to be adversely affected ktivity other agents, such as cyanide, fluoride and iodr prolil 
acetate (Lipschitz & 13ueding, 1939), azide tuul stty con phate (Dr I. D. E. Storey, private commtutieati)tlisenz, 
but their mode of action is in most cases still obsctaveral 
: 
as sac 
SUMMARY to hyd 
sodas I 
1. The glucuronide -sent hesizing system in tt¡th 10 
mouse was found only in liver and, to a smalÏix lo_i extent, kidney. 
2. Measures causing changes in the state of pr 
liferation of liver had no effect on the activity of tl 
glucuronide-synthesizing system. ahut.u. 
3. The activity of the synthetic system was almo,.:.., 
nil at birth, and only reached its ultimate value wiltfioche 
the mice were more than 1 titItth old. 
4. The effects of various cotnpotmds on glue 
ronide synthesis in vitro were studied. 
5. On the basis of this work, the enzyme systE 
responsible for glucuronide synthesis can be cleat 
distinguished from ß- gluctuoni las'. 
The authors are indebted to 1/r .1. R. Riley for the sup 
of tumour -bearing mice, and to Mr U. Love for techn 
assistance. The expenses of this work were in part defray' 
by a grant from the Medical Research Council. 
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ai Glucuronidase and Glucuronide Synthesis. By M. C. KA$UNAIRATNAat and G. A. LEVVY. 
(Department of Biochemistry, University of Edinburgh) ) a 
8Y1 view of the relationship observed between the 
'el ktivity of ß- glucuronidase in a tissue and the state 
1od proliferation ( Levvy, Kerr & Campbell, 1948) it 
1 Sts considered important to find an inhibitor for 
tluz,isenzyme. Ol riì oiveompoull /lsstudied,including 
actytetul' r iwtII inhibitors', by far the most effective 
as saccharic acid. Alm ost completo inhibition of 
to hydrolysis of phenol glucuronide (0.015 nf) by 
louse liver or kidney preparations was obtained 
tit!) 10 x l0- 'nt- saccharato, and 50% inhibition with 
[1tt11x iu-'u. Closely related compounds wore much 
pr 
if tl 
simian, tí. (1940). J. biol. t'hent. 136, 229. 
Imoivvy, G. A., Kerr. I.. M. H. & Campbell, J. C. (1948). 
whliBiochem. J. 42, 462 
less effective than saccharic acid. No evidence has 
so far been obtained of any action, even in massive 
doses, of saccharic acid on growth processes in the 
mouse. 
It has been suggested, without any direct evidence, 
that ß- glucuronidase is responsible for glucuronide 
formation in the body (Fishman, 1940). Levvy 
& Storey (1948) have developed a method for 
measuring glucuronide synthesis by mouse -liver 
slices. In concentrations up to 10-2m, saccharic acid 







Levvy, G. A. & Storey, I. D. E. (1948). Biochem. J. (in the 
Press). 
[Reprinted from the Proceedings of the Biochemical Society, 25 March 1949. 
Biochem. J., 1949, Vol. 44, p. xxx.] 
Glucuronide Synthesis and Cell Proliferation. By M. C. KARIINAIRATNAM, LYNDA M. H. KERR and 
G. A. LEVVy. (Department of Biochemistry, University of Edinburgh) 
In view of the relationship found to exist between 
the state of proliferation and the ß- glucuronidase 
activity of mouse liver. kidney and uterus ( Levvy, 
Kerr & Campbell. 1948; Kerr, Campbell & Levvy, 
1949), the possibility that the ability of mouse liver 
and other tissues to synthesize glucuronides may 
also vary with the degree of cell division in progress 
was investigated by the method of Levvy & Storey 
(1949). 
l'nlilto /3- ghteuronidtise activity, the ability to 
synthesize glucuronides seeme i to be 14 nfined 
largely to liver. Kidney, the only her tissue found 
to carry out the synthesis, was much less tot ive than 
liver. This is in agreement with the results of 
Lipschitz & liueding (1939). 
During the l i riod of enhanced glucuronidase 
activity in liver which follows partial hepatectomy 
or administration of carbon tetrachloride or men- 
thol, the ability to synthesize glucuronides remained 
normal. It was also unchanged during the profound 
depression of glucuronidase activity which follows 
sorhic acid administration. Tumours with high 
glucuronidase activity were devoid of synthetic 
power, as were livers from mice 2-3 days old. It 
seems clear that, unlike ß- glucuronidase, the enzyme 
system causing glucuronide synthesis does not vary 
in activity with the state of proliferation of a tissue, 
and that the two enzyme systems are quite distinct 
(see Levvy, 1948; Karunairatnam & Levvy, 1949). 
The synthetic power of mouse liver remained very 
small for the first week after birth. It then rose 
slowly till at the fourth week the activity had 
reached the average value for normal adults. The 
ß- glucuronidase activity of liver in the first week 
after birth was six times the value found in adults. 
It then fell steadily to become constant when the 
mire were 4 weeks old. 
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